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FOREWORD 

During  the  symposium  reported  i : these  Proceedings  the  themes  of  STOL  and 
VTOL  Aerodynamics  were  studied  under  headings  of  High-Lift  Systems  (Powered  and 
Mechanical),  Jet  Lift,  Ground  Effect,  and  Aerodynamic  Prediction  Methods  and 
Simulation  Requirements.  The  symposium  concluded  with  a general  Round  Table 
Discussion. 

The  symposium  was  held  at  the  Technische  Hogeschool,  Delft,  at  the  invitation  of 
the  Netherlands  National  Delegates  to  AGARD. 
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V/STOL  AEROOYNAMICS:  A REVIEW  OF  THE  TECHNOLOGY 


David  H.  Hickey 
Ames  Research  Center,  NASA 
Moffett  Field,  California  R4035 


SUMMARY 

After  20  years  of  research,  the  western  world  has  one  operational  V/STOL  aircraft  and  that  Is  a military 

aircraft.  An  examination  of  the  technical  reasons  for  this  failure  to  convert  research  results  to  hardware 

Indicates  that  the  penalties  for  V/STOL  capability  are  still  too  large  for  most  applications.  This  cost 

may  be  reduced  by  Improved  efficiency  of  the  propulsive  lift  components  and  use  of  the  newly  emerging  aug- 
mentor  technology.  Payload-weight  ratios  of  V/STOL  aircraft  are  10  to  20t;  thus  the  productivity  of  the 
aircraft  Is  very  sensitive  to  small  deficiencies  or  Improvements  In  the  various  component  efficiencies.  The 
state  of  the  art  of  some  of  these  critical  technological  areas  Is  reviewed.  In  particular,  STOL  augmentors, 
ground  effects,  and  prediction  methods  are  reviewed  briefly.  For  VTOL,  Induced  aerodynamics,  vectoring 
devices,  and  modeling  problems  are  reviewed.  Research  In  these  areas  may  significantly  reduce  the  cost  of 
V/STOL  performance. 

NOMENCLATURE 

A augmentation  ratio 

Al  lifting  element  area,  m2  (ft2) 

Ay  wind-tunnel  cross-sectional  area,  m2  (ft2) 

A!  aspect  ratio,  b2/S 

b wing  span,  m (ft) 

c wing  chord,  m (ft) 

Cj  jet  momentum  coefficient,  T/qS 

Cl  lift  coefficient,  L/qS 

Cm  pitching  moment  coefficient,  M/qSc 

Cn  normal  force  coefficient,  N/qS 

Cp  pressure  coefficient,  aP/q 

D diameter,  m (ft) 

DOC  direct  operating  cost 

Fx  horizontal  force,  N (lb) 

h height  from  reference  point  to  ground, 

m (ft) 

1 length  from  fan  centerline  to  exhaust  of 
hooded  deflector,  m (ft) 

L lift,  N (lb) 

ms  augmentor  secondary  mass  flow, 

kg/ sec  (lb/ sec) 

M pitching  moment,  m-N  (ft-lb) 

Mqq  drag  divergence  Mach  number 

N force  normal  to  the  wing  chord,  N (lb) 

P pressure,  N/m2  (lb/ft2) 

PNdB  perceived  noise  level  In  decibels 

q dynamic  pressure,  N/m2  (lb/t't2) 

r distance  from  tne  engine  axis,  m (ft) 

R radius  of  hooded  exhaust  deflector  cen- 
terline or  jet  exhaust,  m (ft) 

Ro  radius  of  engine  exhaust,  m (ft) 

1.  INTRODUCTION 

Research  In  V/STOL  aerodynamics  has  spanned  a period  of  at  least  20  years,  but  only  one  production  air- 
craft, the  Hawker  Harrier,  has  resulted.  This  paper  discusses  technology-oriented  reasons  for  this  failure 
to  convert  research  Into  production  hardware,  and  means  to  remedy  that  situation.  While  the  discussion 
focuses  on  problems  with  civil  applications,  many  of  the  comnents  also  apply  for  military  applications. 

First,  the  performance  domain  of  V/STOL  (powered  lift)  aircraft  Is  defined  by  deriving  the  maximum  field 
performance  that  can  be  expected  from  conventional  aircraft.  Then  the  causes  for  the  poor  economics  of 
V/STOL  aircraft  based  on  present-day  technology  are  reviewed  and  technological  areas  that  may  yield  signif- 
icant benefits  are  suggested.  Finally,  pertinent  selected  topics  In  STOL  and  VTOL  aerodynamics  are  reviewed. 
These  topics  Include  prediction  techniques,  augmentor  technology,  Induced  aerodynamics,  and  ground  effect. 

2.  PROBLEMS  IN  THE  APPLICATION  OF  V/STOL  TECHNOLOGY 

The  concepts  considered  here  are,  In  most  cases,  those  which  have  aerodynamic  lift  augmented  by  the 
propulsion  system.  However,  before  proceeding  with  a discussion  of  propulsive  lift.  It  Is  advisable  to 
define  the  performance  requirements  that  lead  to  the  utilization  of  powered  lift. 

2.1  Operational  limits  of  conventional  aircraft 

Figure  1 shows  the  historical  trend  of  maximum  lift.  Plain  wing,  tralllng-edge  flaps,  and  tralling- 
and  leading-edge  flap  trends  are  shown.  Progression  in  high  lift  capability  was  steady  until  the  late 
1960's.  If  the  progression  In  this  capability  Is  to  continue,  either  more  complex  conventional  high  lift 
systems  or  lift  augmentation  with  the  propulsion  system  must  occur.  If  the  former  course  Is  taken,  the 
maximum  lift  coefficient  capability  in  the  near  future  could  be  about  3.5,  and  the  lift  coefficient  In 
approach  would  be  2.1.  The  lift  capability  as  a function  of  airspeed  for  these  conditions  and  with  a wing 
loading  of  3.83  kN/m2  (80  psf)  Is  shown  In  Fig.  2.  Also  Included  In  the  figure  Is  landing  distance  as  a 
function  of  approach  speed.  With  no  lift  augmentation,  the  landing  distance  Is  about  1160  m (3800  ft). 

For  a field  610  m long  (2000  ft),  propulsive  lift  Is  required;  Including  factors  for  engine  out  and  thrust 


S wing  area,  m2  (ft2) 

t time,  sec 

T Thrust,  N (lb) 

u velocity  In  jet  exhaust,  m/sec  (tt/sec) 

V free-stream  velocity,  m/sec  (ft/sec) 

Vi  Inlet  velocity,  m/sec  (ft/sec) 

Vj  jet  velocity,  m/sec  (ft/sec) 

W gross  weight,  N (lb) 

X distance  in  the  horizontal  direction, 

m (ft) 

a angle  of  attack  with  respect  to  the  free 
stream,  deg 

8v  angle  with  respect  to  the  fan  axis,  deg 

if  flap  deflection,  deg 

«t  augmentor  turning  angle,  deg 

ap  pressure  difference,  N/m2  (lb/ft2) 

nt  turning  efficiency,  * 

ev  hooded  deflector  turning, angle,  deg 

A wing  taper  ratio 

♦ augmentation  ratio,  T/Tr 

A wing  sweep-back  angle,  deg 

Subscripts 

e effective 

max  maximum 

N nozzle 

s static 

t total  pressure 

TO  takeoff 

1 ejector  throat 

2 ejector  exit 
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lapse,  the  thrust/welght  ratio  for  an  unaugmented  system  Is  approximately  0.7.  In  Fig.  3,  typical  takeoff 
aerodynamics  are  assumed.  For  a wing  loading  of  3.83  kN/m2  (80  psf),  a thrust/welght  ratio  of  0.36  Is 
required  to  equal  the  landing  field  length  capability  of  1160  m (3800  ft).  For  a takeoff  fteld  610  m long 
(2000  ft),  the  required  thrust/welght  ratio  for  an  unaugmented  system  Is  C 6.  Figure  4 compares  an  air- 
plane planform  for  a 610  and  1220  m long  (2000  and  4000  ft)  field.  The  nacelles  were  sized  to  approximate 
the  dimensions  of  a low  noise  engine.  The  610  m (2000-ft)  field  length  airplane  may  suffer  In  both  low- 
speed  and  high-speed  performance  because  of  the  large  nacelle  size.  This,  coupled  with  the  high  thrust/ 
weight  ratios  required,  makes  this  approach  to  short  field  lengths  questionable.  However,  for  field 
lengths  In  the  1220  m (4000  ft)  category,  this  approach  seems  appropriate.  It  is  realized,  of  cou'-se,  that 
wing  loading  can  be  bartered  for  field  length  at  the  expense  of  complicated  gust  alleviation  systems.  This 
approach,  however,  complicates  the  aircraft  and  compromises  cruise  efficiency. 

It  Is  apparent  that  unpowered  lift  systems  can  provide  a field  length  capability  as  low  as  1200  m 
(400C  ft)  with  a reasonable  wing  loading,  but  for  field  lengths  less  than  that,  powered  lift  systems  are 
required.  This  shorter  field  length  capability  offers  a considerable  advantage  to  a transportation  system 
and  deserves  serious  consideration.  The  remainder  of  this  section  deals  with  the  penalties  associated  with 
the  use  of  powered  lift  systems  for  VTOL  or  STOL  performance. 

2.2  Economic  penalties  of  propulsive  lift 

Figure  5 (ref.  1)  shows  the  direct  operating  cost  associated  with  fields  shorter  than  1Z20  m (4000  ft). 
Designing  an  aircraft  to  operate  with  a 610  m long  field  (2P'K)  ft)  rather  than  1220  m (4000  ft)  Increases 
the  direct  operating  cost  20*.  Figure  6 also  shows  the  penalty  to  direct  operating  cost  of  noise  reduction 
treatment  as  a function  of  field  length.  *t  all  field  lengths,  the  penalty  for  95  PNdB  at  152  m (500  ft) 

Is  large,  and  the  penalty  for  a field  length  of  610  m (2000  ft)  compared  to  1220  m (4000  ft)  Is  20'*  higher. 
This  would  Indicate  that  the  Increase  In  DOC  as  field  length  Is  shortened  Is  caused  by  the  additional  noise 
treatment  required  by  the  larger  powerplants.  Removal  of  this  effect  would  produce  agreement  with  earlier 
studies,  In  which  acoustics  were  Ignored  (ref.  2),  which  show  DOC  Is  not  highly  sensitive  to  field  lengths 
above  610  m (2000  ft).  Nevertheless,  noise  restrictions  may  become  more  severe  rather  than  less  severe. 
Therefore,  propulsive  lift  technology  must  be  examined  to  Isolate  areas  where  Improvements  can  be  made  so 
that  shorter  field  aircraft  are  more  attractive  In  comparison  with  conventional  aircraft. 

The  arguments  thus  far  have  been  for  STOL  aircraft.  For  VTOL  aircraft,  the  problem  Is  much  more 
severe.  Figure  7 (ref.  3)  shows  the  direct  operating  cost  (In  dollars)  per  aircraft  mile  as  a function  of 
stage  length.  Data  from  conventional  two-,  three-,  and  four-engine  transport  aircraft  are  shown  along  with 
the  estimated  operating  cost  of  a 485-kN  (109,000  lb),  100-passenger  lift  fan  V/STOL  transport  aircraft. 

The  operating  cost  of  the  V/STOL  transport  Is  comparable  to  the  four-engine  large  aircraft  and  Is  approxi- 
mately 60*  higher  than  the  two-engine  aircraft  with  similar  payload-range  characteristics.  Clearly,  If 
V/STOL  transport  aircraft  are  to  be  made  economically  competitive,  the  number  of  engines  must  be  reduced, 
the  systems  must  be  simplified,  and  the  components  must  operate  at  top  efficiency. 

While  the  preceding  arguments  have  concentrated  on  commercial  applications  of  V/STOL  technology, 
similar  arguments  hold  for  military  applications.  There  maintenance  costs,  low  payload  to  weight  ratio, 
and  restricted  range  and  endurance  have  combined  to  handicap  the  ut  1 1 ty  of  V/STOL  aircraft  for  military 
missions.  he  result,  of  course,  has  been  that  only  one  military  aircraft  Is  In  production. 

2.3  Impact  of  a fuel  shortage 

The  Intuitive  reaction  to  a shortaqe  of  aircraft  fuel  Is  that  V/STOL  aircraft  would  have  a severe 
disadvantage  because  of  the  relatively  large  amount  of  propulsion  required  which  Increases  aircraft  weight 
and  may  produce  lower  propulsive  efficiency  In  cruise.  These  factors,  however,  may  be  mitigated  by  other 
factors  Inherent  In  V/STOL  operations.  Reference  4 contains  preliminary  design  Information  on  several 
V/STOL  aircraft  and  a conventional  aircraft  designed  for  a range  of  556  km  (300  n.m.)  and  a 120-passenger 
payload.  These  studies  differ  from  more  recent  studies  In  that  no  effort  was  made  to  evaluate  the 
penalties  due  to  design  for  low  noise. 

The  fuel  load  from  some  of  these  aircraft  are  tabulated  below. 


Aircraft 

Fuel  load 

Conventional 

33 

STOL 

28.5 

VTOL  jet  lift 

28.8 

VTOL  tilt  wing 

29.9 

All  V/STOL  aircraft  In  the  study  required  less  fuel  than  conventional  aircraft.  These  surprising  results 
stem  from  at  least  three  factors.  First,  the  short  design  range  minimizes  the  effect  of  reduced  cruise 
propulsive  efficiency.  Second,  the  calculations  assume  different  maneuver  times  for  the  different  aircraft 
(6  min  for  CTOL,  2.5  min  for  STOL,  and  2 min  for  VTOL).  Lastly,  no  penalty  was  Included  for  quieting 
techniques.  The  first  two  Items  are  valid  for  aircraft  specifically  designed  for  a mass  short-haul  trans- 
portation system,  and  the  effect  of  the  second  Item  could  be  considerably  larger  because  reduction  of  air 
congestion  around  airports  could  yield  even  larger  differences  In  maneuver  time  and  reductions  In  fuel  for 
V/STOL  aircraft.  On  the  other  hand,  the  study  did  not  Include  penalties  In  operating  efficiency  from 
noise  reduction  hardware.  As  already  pointed  out,  this  penalty  could  reverse  the  trend. 

The  Importance  of  minimizing  fuel  requirements  further  emphasizes  the  need  to  Improve  the  lifting 
efficiency  of  V/STOL  aircraft  to  Improve  the  competitive  position  with  all  forms  of  transportation. 

2.4  Advantages  of  propulsive  lift 

In  spite  of  the  economic  penalties  associated  with  powered  lift  aircraft,  the  ability  to  land  and 
take  off  In  field  lengths  under  1220  m (4000  ft)  Is  very  Important  In  that  It  offers  relief  from  air  and 
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ground  congestion  It  minimizes  the  Impact  of  aircraft  and  ground  equipment  on  the  environment.  It  Improves 
the  service  to  the  passenger,  and  It  provides  maxlnun  flexibility  In  route  structure.  Bee.  use  of  these 
and  cth?r  factors,  V/STOl  aircraft  may  require  less  fuel  than  other  forms  of  transportation.  For  military 
applications,  V/STOL  aircraft  offer  dispersal  of  forces  to  minimize  the  effect  of  surprise  attack,  more 
direct  supply  and  support  of  field  forces,  and  freedom  from  large  prepared  airfields.  With  all  these 
Important  advantages,  every  effort  should  be  made  to  Improve  V/STOL  technology  so  that  practical  and  eco- 
nomical aircraft  can  fulfill  these  conmerclal  and  military  needs. 

3.  POTENTIAL  IMPROVEMENTS  IN  V/STOL  AIRC.WT 


This  section  deals  with  V/STOL  **rodynam1c  areas  that  appear  to  of*er  an  opportunity  for  significant 
Improvement  and  thus  can  enhance  the  isslblllty  of  the  application  of  V/STOL  technology  to  transportation 
system  needs. 

Figure  3 (ref.  1)  shows  the  Installed  thrust/weight  ratio  required  for  610  m (2000  ft)  field  length 
performance.  Even  *he  augmentor  wing,  the  most  efficient  concept,  requires  substantially  more  thrust  than 
a conventional  alrcrafc;  ♦'or  VTOL  aircraft,  approximately  four  times  more  thrust  Is  required.  One  obvious 
way  to  make  the  aircraft  more  lable  economically  Is  to  Increase  the  efficiency  of  the  lifting  system. 

3.1  STOL 


Static  turning  efficiency  Is  one  Indicator  of  propulsive  lift  system  efficiency.  Figure  9 shows 
static  turning  efficiency  In  terms  of  lift  vs.  thrust  referenced  to  the  noizle  thrust  for  the  externally 
blown  flap  (EBF),  augmentor  wing,  and  over-the-wlng  blowing  concepts.  For  the  externally  blown  flap  (EBF) 
concept,  the  efficiency  between  deflections  of  30“  and  70°  Is  about  80X  (ref.  5).  In  view  of  the  exhaus- 
tive research  conducted  on  this  concept,  It  Is  unlikely  that  this  efficiency  will  be  Improved  signifi- 
cantly. It  may  be  that  the  concept  Is  limited  by  the  orientation  of  the  flap  with  respect  to  the  wing. 

Data  from  reference  6,  with  a canted  variable  camber  exit  louver  cascade,  are  Included  to  show  what  can  be 
done  by  reorienting  the  flaps  In  cascade  fashion.  With  this  relatively  efficient  turning  device,  the 
efficiency  was  above  90X  for  angles  from  0°  to  90“.  Turning  for  the  over-the-wlng  STOL  concept  Is  sub- 
stantially more  efficient  than  For  the  EBF,  at  least  between  deflection  angles  of  30°  to  50“. 

For  comparison,  augmentor  wing  data  are  Included  In  Fig.  9.  Because  of  the  augmentation  ratio, 
efficiency  referenced  to  nozzle  thrust  Is  greater  than  100X.  For  these  results,  the  lobe  nozzle  was 
canted  30°  (fig.  10),  so  that  the  augmentation  ratio  Is  high  over  most  of  the  usable  flap  angle  range, 
but  falls  off  somewhat  above  a flap  deflection  of  70“. 


If  It  Is  assumed  that  static  turning  efficiency  Is  not  affected  by  airspeed  (since  these  results  give 
good  agreement  when  Incorporated  In  the  theoretical  prediction  of  the  variation  of  Cl  with  Cj,  this  Is  a 
reasonable  assumption),  these  results  can  be  related  to  system  performance.  The  effective  Cj  Is  that 
which  prov1d»s  the  circulation,  CL  * f(Cj  ),  and 


where  Is  the  turning  efficiency  and  A Is  the  augmentation  ratio.  Frcm  two-dimensional  theory  such 

as  that  of  reference  8,  Cl  Is  proportional  to  /CJ:  Cl  * K/Cjn^A  and  for  a given  Cj 
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Figure  11  shows  the  dimensionless  Cj  and  Ci  as  a function  of  nt*.  with  the  data  from  Fig.  9 spotted 
on  the  relative  Cl  curve.  Over-the-wlng  Blowing  should  be  7X  more  efficient  In  producing  lift  than  the 
EBF,  and  the  augmentor  wing  will  be  31  * more  efficient.  In  addition,  the  augmentation  ratio  of  the 
augmentor  wing  will  provide  more  thrust  at  low  flap  deflection  during  takeoff. 

For  augmentor  wing  or  other  internally  blown  flap  concepts,  volume  for  ducting  and  nozzles  In  the 
wing  Is  a very  Important  parameter,  and  bears  directly  on  the  duct  area  required.  Figure  12  shows 

the  relative  duct  area  required  for  the  same  effective  Cj  as  a function  of  nt*.  The  augmentor  wing 
requires  68X  of  the  duct  area  required  by  an  Internally  brown  flap.  Increasing  augmentation  ratio  from 
the  presently  achievable  1.4  to  2.0  would  lower  the  duct  area  required  to  691  of  that  presently  required. 
Installed  thrust/weight  ratio  Is  also  a function  of  n*A  and  this  Increase  would  reduce  the  thrust/weight 
~at1o  to  0.28  - 0.35,  nearly  that  of  conventional  aircraft.  Development  of  the  ejector  technology  as 
described  In  reference  9 may  provide  such  an  Increase  In  augmentation  ratio. 

Figure  13  (ref.  9)  defines  the  Ideal  augmentation  ratio  as  a function  of  augmentor  geometry.  In 
practice,  losses  occur  and  available  installation  volume  Is  limited  so  that  these  values  are  not  achieved. 
The  Inlet  area  ratio  currently  used  falls  between  10  and  15,  and  the  exit  diffuser  area  ravlo  falls 
between  1.5  and  2.0.  The  actual  augmentation  ratio  realized  Is  of  the  order  of  1.5  compared  to  the  value 
of  greater  than  2 for  the  Ideal  augmentor.  To  realize  the  theoretical  potential,  nozzles  with  rapid  mixing 
rates  must  be  developed  so  that  mixing  occurs  within  the  aLjmentor.  Further,  separation  on  the  augmentor 
diffuser  must  be  avoided.  Figure  14  shows  conceptually  how  such  an  augmentor  could  be  mechanized. 

Boundary- layer  control  is  supplied  on  the  diffuser  walls  to  control  airflow  separation.  Clearly,  the 
additional  capability  would  be  achieved  at  the  price  of  additional  complexity. 

3.2  VTOL 
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The  means  for  Improving  the  economics  of  VTOL  aircraft  and  thus  enhancing  the  acceptance  of  these 
concepts  for  short  haul  transportation  Is  not  as  clear  as  for  STOL  aircraft.  Concepts  studied  have  used 
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lightweight  lift  engines,  or  remotely  driven  fens  or  thrust  augmenting  ejectors  to  augment  the  thrust  from 
the  cruise  propulsion  system.  In  either  case,  the  cost  of  the  total  propulsion  system  Is  about  the  same 
as  that  of  a turbofan  engine  providing  the  same  thrust.  In  addition,  the  Installed  thrust  Is  15  to  401 
greater  than  takeoff  weight  to  provide  control  forces,  acceleration  during  hover,  and  survival  o * an 
engine  failure.  As  a result,  the  propulsion  system  weight  fraction  Is  about  double  that  for  a 610  m 
(2000  ft)  fTOL  aircraft.  While  It  Is  unlikely  that  a thrust  au^eentlng  ejector  would  be  significantly 
lighter  than  « lift  fan  or  lift  engine.  It  nay  be  less  costly.  To  avoid  much  oversized  cruise  engines, 
an  augmentation  ratio  greater  than  2 Is  required.  With  low-pressure  augnentors,  reference  10  has  reported 
values  approaching  this  magnitude  with  a reasonably  compact  augmentor.  However,  for  a reasonable  duct 
area,  a high-pressure  air  supply  will  probably  be  required.  As  shown  In  Fig.  15  (ref.  11)  the  augmenta- 
tion ratio  will  drop  significantly  as  pressure  ratio  Is  Increased.  With  current  technology,  this  means 
that  a longer  (and  less  compact)  augmentor  Is  required.  While  there  may  be  some  promise  In  this  approach, 
a great  deal  of  effort  Is  required  on  Installation  problems  In  order  to  provide  a viable  system.  The 
previous  discussion  was  slanted  toward  commercial  applications.  For  aircraft  that  have  high  Installed 
cruise  thrust,  the  required  augnentatlon  Is  low  and  the  augmentor  can  be  more  compact,  thus  Installation 
problems  are  eased.  Required  ducting  voliane  will,  however,  be  relatively  Urge  (one  such  application  Is 
the  Rockwell  International  XFV-12). 

A weight  breakdown  for  a typical  V/STOL  transport  Is  shown  below. 

Component  Gross  weight,  X 


Structure 

23 

Propulsion  system 

26 

Subsystems 

12 

Usable  Load 

Fuel  load 

20 

Payload 

19 

The  payload  Is  191  of  the  takeoff  gross  weight.  A 5%  improvement  In  vectoring  efficiencies,  ground 
effects,  etc.,  will  yield  a 25*  Increase  In  payload  capability.  This  high  sensitivity  of  productivity  to 
small  losses  In  efficiency  makes  It  Imperative  that  the  VTOl  propulsion  system  components  be  optimized  to 
a high  degree.  Furthermore,  care  must  be  taken  to  avoid  adverse  grcjnd  effects,  reingestion,  or  other 
thrust- reducing  effects.  Clearly,  research  In  these  areas  Is  Important  In  establishing  the  competitiveness 
of  VTOL  systems. 
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4.  STATUS  OF  V/STOL  TECHNOLOGY 

In  this  section,  the  state  of  the  art  of  some  areas  of  particular  Interest  In  V/STOL  aerodynamics 
are  discussed. 

4.1  STOL 

In  the  STOL  aircraft  area,  the  discussion  Includes  recent  advances  In  augmentor  wing  aerodynamics, 

comments  on  ground  effects,  and  the  state  of  the  art  of  predictive  techniques. 

4.1.1  Augnentor  wing  technology.  Figure  10  shows  a perspective  of  one  of  the  augmentors  under  considera- 
tion. Figure  16  shows  conceptually  the  STOL  augmentors  currently  being  considered.  The  lobe  augmentor 

was  developed  at  Ames  (ref.  11)  and  Is  characterized  by  a slot  combined  with  the  lobe  nozzle.  The  cruise 

augmentor  was  developed  by  Boeing  (ref.  12)  under  contract  to  Ames.  In  this  example,  the  augmentor  nozzle 
was  moved  to  the  upper  surface  of  the  wing  and  functions  also  as  a cruise  nozzle.  This  approach  leaves 
more  room  In  the  wing  for  ducting  and  eliminates  valves  from  the  system.  These  two  augmentor  geometries 
are  being  examined  for  high  wing  flow  (to  reduce  noise,  70  to  80%  of  the  engine  thrust  appears  at  the 
augmentor  nozzle  so  that  the  augmentor  can  be  used  to  supprev  noise).  The  cruciform  augmentor  nozzle  Is 
being  developed  by  DeHavIlland  under  contract  to  Ames.  Thl,  nozzle  Is  another  answer  to  the  problem  of 
providing  Improved  mixing,  and  the  augmentor  geometry  Is  designed  for  a 40%  wing  flow.  The  "advanced 
augmentor"  Is  to  use  the  techniques  described  In  reference  10  to  obtain  the  highest  augmentation  ratio 
possible  within  the  geometric  confines  of  a large  wing  blowing  augmentation  system. 

Although  static  augmentation  ratio  Is  a convenient  measurement  for  comparing  augmentors,  consideration 
of  this  parameter  only  can  lead  to  erroneous  conclusions.  An  example  of  this  Is  shown  In  Fig.  17 
(ref.  11).  Aerodynamic  performance  with  a 60“  flap  Is  shown.  The  normal  configuration  has  been  optimized 
for  static  augmentation  ratio.  Lowering  the  shroud  (moving  It  aft)  Improves  the  variation  of  lift  with 
Cj  at  the  expense  of  static  augmentation  ratio,  and  closing  the  lower  flap  gap  further  Increases  lift  at 
aglven  Cj  while  reducing  static  augmentation  ratio  further.  This  Improvement  results  from  attaching 
the  external  flow  on  th«*  shroud  with  better  augmentor  geometry  and  strengthening  the  boundary- layer  control 
provided  by  the  augmentor  Inlet.  These  results  Indicate  that,  for  STOL  applications,  the  augmentor  should 
be  optimized  at  forward  speed. 


This  contention  Is  further  supported  by  the  data  In  Fig.  18.  Horizontal  force,  normalized  by  nozzle 
thrust,  and  augmentation  ratio  are  presented  as  a function  of  velocity  for  a primary  pressure  ratio  of  2.3. 
The  horizontal  force  drops  off  with  forward  speed  above  26  n/sec  (50  knots).  Also  shown  Is  the  static 
augmentation  ratio  less  the  secondary  ram  drag  for  the  same  primary  pressure  ratio.  The  slope  and  magni- 
tude of  the  two  curves  Is  approximately  the  same  above  20  m/sec  (50  knots).  Indicating  that  the  secondary 
ram  drag  should  be  subtracted  from  the  static  augmentation  ratio  and,  with  30°  flap  deflection,  thrust 
recovery  occurs  above  50  knots.  The  thrust  lapse  for  nozzle  pressure  ratios  of  1.5  and  3.5,  calculated  in 
the  same  way  as  for  the  2.3  pressure  ratio  case,  are  also  shown  in  figure  18.  Statically,  the  augmentation 
ratio  at  3.5  nozzle  pressure  ratio  Is  lowest.  However,  the  thrust  lapse  with  forward  speed  Is  less  with 
the  result  that,  above  40  knots,  the  augmentation  ratio  Is  higher  than  for  the  lower  nozzle  pressure  ratios. 
It  thus  appears  that,  In  optimizing  the  augmentor  for  takeoff,  the  augmentation  ratio  must  be  traded  with 
mass-flow  ratio  to  obtain  the  maximum  thrust  for  best  takeoff  performance. 
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Similar  results  for  the  cru  * augmentor  are  not  available;  however,  seme  data  at  cruise  Mach  Mfcers 
are  available  (ref.  13).  These  results  were  obtained  with  a 141  thick  quasi -two- dimensional  wing  with 
propulsion  nozzles  as  In  the  ct  Ise  augmentor  Figure  19  shows  nonaal  force  coefficient  as  a function  of 
drag  divergence  Mach  mafcer  fo-  several  values  of  Cj.  At  cruise  lift  coefficients,  the  blowing  Increased 
the  d**ag  divergence  Mach  nuafcer  slightly,  and  the  actual  value  Is  sufficiently  high  to  permit  application 
to  high  subsonic  cruise  aircraft. 

4.1.2  Ground  effect.  Ground  effects  are  one  of  the  least  understood,  yet  potentially  most  Important, 
problem  TrP!75TBC  aerodynamics.  Special  techniques  such  as  the  moving  belt  and  Jet  blowing  (ref.  14) 
have  been  developed  to  Measure  this  effect  at  high  lift.  While  these  approaches  aay  yield  correct  steady- 
state  results,  the  question  of  dynamic  effects  still  resins  before  the  Importance  of  ground  effect  can  be 
accurately  assessed. 

Reference  15  describes  these  problem  both  aerodynamical ly  and  operationally  and  presents  normalized 
curves  of  lift  loss  In  ground  effect  for  severe’  concepts.  Figure  20  contains  data  from  reference  15,  and 
data  from  a large-scale  i .zpt  augmentor  wing  model  (ref.  16).  The  large-scale  results  did  not  have  the 
benefit  of  a movlnn  ground  plane;  thus  they  should  be  considered  conservative.  Au<pentor  wing  lift  loss 
In  ground  effect  Is  much  less  than  represented  by  reference  15.  In  fact,  for  both  flap  deflections  art 
over  the  major  portion  of  the  height  range,  ground  effect  Is  positive  rather  than  negative.  The  reason  for 
this  discrepancy  Is  not  clear;  however,  the  results  Illustrate  that  ground  effects  may  differ  between  the 
various  STOL  concepts. 

In  term  of  dynamic  effects,  little  data  with  powered  lift  are  available.  One  report  (ref.  17) 
shows  results  using  a moving  model  technique.  The  Jet  flap  model  was  run  at  constant  height  over  a 
ground  plane  to  measure  "steady- state"  ground  effect.  To  simulate  the  landing  approach,  a portion  of  the 
board  was  angled  so  that  an  approach  at  a constant  angle  was  '.Imitated.  Data  from  reference  17  are  shown 
In  figure  21  for  a 10*  approach  angle.  Comparison  of  the  dynamic  and  steady-state  data  shows  that  the 
dynamic  lift  loss  lagged  the  steady-state  lift  loss  by  about  four  -hord  lengths. 

Speculation  about  the  scale  factor  that  should  be  applied  to  these  dynamic  results  can  lead  to  sur- 
prising possibilities.  For  a given  flight  path,  the  time  required  to  form  the  flow  that  produces  the  lift 
loss  should  be  a function  of  the  absolute  distance  from  the  ground,  the  true  Jet  velocity,  and  the  true 
airspeed.  With  these  factors  relative  to  the  model  In  reference  17,  for  a low  f»-essure  blowing  or  aug- 
mentor wing  aircraft,  one  obtains 

Scale  factor 

1/10  model  scale  10 

Low  jet  velocity  4 

Low  model  velocity  2 

If  these  factors  are  multiplicative,  this  leads  to  a time  lag  scale  factor  of  80.  Figure  22  presents  the 
derivative  of  the  data  In  Fig.  21  with  time,  with  0 time  corresponding  to  the  onset  of  ground  effect 
from  the  steady-state  data  In  Fig.  23.  The  maximum  change  In  lift  with  time  occurred  at  0.1?  sec  after 
entering  steady-state  ground  effect.  If  the  scale  factor  Is  applied  for  a full-scale,  low-pressure  jet 
flap  model  (or  augmentor  w1"g),  the  maximum  change  would  occur  9.6  sec  from  the  entry  Into  ground  effect. 
This  would,  of  course,  completely  mask  steady-state  effects  so  far  as  aircraft  operating  problems  are 
concerned.  Although  this  scale  factor  Is  merely  speculative,  It  Illustrates  that  with  dynamic  effects 
Included,  ground  effect  may  be  substantial ly  less  severe  than  represented  by  steady  state  data.  Further 
research  on  these  effects  Is  required. 

4.1.3  Prediction  of  STOL  aerodynamics.  Recent  developments  In  finite  element,  nonplanar  lifting  surface 
theory  have  led  to  the  accurate  prediction  of  lift  from  Jet-flapped  wings  (refs.  18  and  19)  and  ground 
effect  of  conventional  wings  (ref.  20).  These  methods  have  also  been  applied  to  the  externally  blown  flap 
STOL  concept  (ref.  21).  The  wing  and  flap  are  represented  by  a vortex-lattice  arrangement  (fig.  23),  and 
the  turbofan  wake  Is  represented  by  a series  of  ring  vortices  as  shown  In  Fig.  24.  The  problem  Is  solved 
Iteratively  by  first  calculating  the  upwash  from  the  wing  without  the  engine  wake.  The  engine  wake  Is  then 
displaced  according  to  the  upwash  from  the  power-off  calculation,  and  the  system  of  equations  Is  solved 
with  no  flow  allowed  through  the  wing-flap  control  points.  Figure  25  shows  the  results  c fter  one  Itera- 
tion. Agreement  Is  good  when  the  wake  displacement  Is  Included  In  the  calculation.  These  results  may, 
however,  be  fortuitous  because  the  theoretical  Cj  was  not  corrected  for  turning  efficiency  (see  fig.  9). 

4.2  VTOL  aerodynamics 

In  the  VTOL  aerodynamics  area,  the  discussion  covers  recent  results  on  forces  'nduced  on  the  aircraft 
by  propulsive  flows,  fan  scale  effects,  and  flow  vectoring  for  thrust  or  lift. 

4.2.1  Induced  effects.  Induced  forces  and  moments  from  the  Interaction  of  the  propulsive  flow  with  the 
free  stream  Is  of  Interest  from  the  standpoint  of  trim  moments  required,  STOL  overload  capability,  and 
power  management.  Reference  22  discussed  lift,  drag,  and  moment  on  VTOL  lift-fan  aircraft.  Most  designs 
studied  were  of  the  fan-ln-wing  variety.  Since  that  time,  design  practice  has  been  to  place  the  fans 
external  to  the  wing  In  order  to  keep  the  wing  loading  high  for  cruise  efficiency.  Figure  26  Illustrates 
two  such  designs  from  references  3 and  23.  In  general,  fans  with  vectoring  devices  to  provide  both  lift 
and  cruise  functions  are  mounted  on  the  aft  l iselage  and  lift  fans  are  mounted  In  wing  pods  or  In  the 
fuselage.  These  various  locations  offer  the  opportunity  for  both  positive  and  negative  lift  to  be 
Induced  by  the  flow  from  the  fans. 

Figure  27  presents  the  lift  Induced  by  fan  flow  as  a function  of  forward  speed  for  several  forward- 
mounted  fan  locations  (refs.  6 and  24).  It  Is  apparent  that  an  outboard  location  of  forward-mounted  'ans 
minimizes  the  down  lead  on  the  airframe  Induced  by  the  operation  of  forward-mounted  fan;. 
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Similar  results  (refs.  6 and  24)  for  aft-mounted  fans  are  presented  in  Fig.  28.  Even  fans  mounted 
aft  on  the  fuselage  provide  some  lift,  but  the  largest  lift  Is  generated  by  fans  Inboard  near  the  wing 
trailing  edge.  Figure  29  shows  the  Induced  lift  for  complete  configurations.  The  configuration  with  out- 
board forward  fans  and  Inboard  aft  fans  has  as  much  Induced  lift  as  a fan-ln-wing  arrangement. 

These  results  are  for  no  thrust  vectoring,  which  corresponds  to  a decelerating  or  descending  transi- 
tion. When  the  exit  louvers  are  deflected  to  trim  drag,  the  induced  lift  Is  sharply  reduced.  Figure  30 
;hows  data  from  the  model  with  outboard  forward  fans,  Inboard  rear  fans,  and  tral  1 Ing-edge  flaps  up  and 
down.  For  these  data,  drag  is  trlmned.  The  lift  at  80  knots  Is  approximately  15*  greater  than  the  lift 
at  zero  forward  speed.  The  Importance  of  this  capability  can  be  assessed  by  relating  the  overload 
capability  to  the  Increase  In  usable  load.  As  mentioned  before,  the  payload-weight  fraction  for  a lift- 
fan  transport  design  Is  19*.  The  15*  overload  capability  with  flaps  down  amounts  to  a 79*  Increase  In 
payload  capability  when  operating  as  a STOL  aircraft;  with  flaps  up,  the  corresponding  value  Is  42*.  If 
overload  capability  Is  Important,  this  effect  is  well  worth  designing  for. 

The  role  of  wall  effects  In  producing  induced  lift  Is  sometimes  thought  to  be  significant.  Recent 
tests  with  a small-scale  model  have  Indicated  that  only  a small  amount  of  the  total  lift  can  be  attributed 
to  wall  effects.  A small-scale,  fan-ln-wing  model  (fig.  31)  was  tested  both  in  the  7-  by  10-Foot  and  the 
♦0-  by  80-Foot  Wind  Tunnels  at  Ames.  The  resul‘5  are  shown  in  ' ig.  32.  The  lifting  element  area  to 
tunnel  cross-sectional  area  of  the  model  In  the  7-  by  10-Foot  ^Ind  unnel  was  the  same  as  that  for  the 
data  In  Figs.  29  and  30.  Discrepancy  In  lift/static  thrust  ratio  was  at  most  0.06  - substantially  less 
than  that  produced  by  many  of  the  configurations  In  Fig.  29.  At  81  knots,  a critical  point  in  the  transi- 
tion maneuver,  the  discrepancy  Is  approximately  0.03.  These  results  were  obtained  with  the  model  untrimmed 
In  drag,  which  Is  comparable  to  the  results  presented  In  Fig.  29.  When  drag  Is  trimmed,  the  dlscrepency 
would  be  even  smaller.  The  approximate  magnitude  of  Induced  lift  nas  also  been  verified  by  comparing  data 
from  small-scale  models  (that  approximate  the  large-scale  mooels)  tested  In  a large  wind  tunnel.  Figure  33 
(reproduced  from  ref.  25)  shows  a comparison  of  suet;  results.  The  differences  between  the  models  are 
sufficient  to  account  for  the  difference  In  induced  lift 

While  the  operation  of  lift  fans  Induces  lift.  It  also  Induces  pitching  moment.  Figure  34  shows  the 
normalized  moment  variation  wltn  airspeed.  For  the  fan-ln-wing  arrangement,  the  moment  rapidly  increases 
In  a nose-up  direction  as  airspeed  Is  Increased.  This  characteristic  defined  the  longitudinal  control 
power  required  for  a fan-ln-wing  aircraft.  On  the  other  hand,  the  moment  variation  with  airspeed  for  the 
podded  configurations  Is  much  smaller  than  for  the  fan-in-wing  configuration  and,  for  the  outboard  for- 
ward fan  and  Inboard  aft  fan,  the  Induced  lift  Is  nearly  the  same. 

Prediction  of  induced  effects,  especially  moment,  Is  desirable  but  difficult  because  separated  flow 
Is  Involved.  Figure  35  illustrates  the  problem.  The  cause  of  the  Induced  lift  Is  the  separated  flow 
downstream  from  the  fan.  Reference  22  suggests  a simplified  semlemplrlcal  method  for  this  caluclc lion 
which  at  least  describes  trends  In  Induced  effects  for  fan-ln-wing  configurations  accurately.  However, 
this  method  Is  not  accurate  with  podded  configurations  because  of  overpredicting  forces  on  the  surface  aft 
of  forward-mounted  fans.  A method  has  been  developed  recently  for  predicting  the  characteristics  of  two- 
dimensional  lift-fan  sections  Including  separated  flow  (ref.  26).  In  this  method,  the  airfoil  and  jet  are 
represented  by  source  or  sink  distributions.  The  static  pressure  In  the  sepa-ated  area,  the  jet  shape, 
and  the  free  streamline  shape  are  assumed.  The  solution  Is  then  developeu  through  an  iteration  procedure 
that  changes  the  shape  of  the  jet  sheet  to  balance  pressure  and  centrifugal  forces.  Figure  36  describes 
the  flow  mndel  and  presents  a sample  of  the  data.  Although  limited  to  a thin  jet,  it  Is  the  only  known 
solution  to  the  Induced  effect  problem  that  Includes  Inlet  flow,  the  separated  flow  area,  and  calculated 
jet  sheet  shape.  This  approach  holds  considerable  promise  for  Improving  the  calculation  of  induced 
effects. 

4.2.2  Flow  vectoring  devices.  The  effectiveness  of  flow  vectoring  devices  Is  critically  important  to  the 
performance  and  Installed  thrust  (and  hence  operating  cost)  of  VT0L  airplanes.  The  effect  of  vectoring 
efficiency  on  payload  Is  as  dramatic  as  the  effect  of  Induced  lift.  When  deflectors  are  used  to  provide 
lift  from  llft/crulse  fans,  the  deflectors  tend  to  be  both  voluminous  and  heavy.  It  Is  thus  necessary  to 
develop  deflectors  that  are  both  small  (and  lightweight)  and  efficient.  Figure  37  (using  data  from  ref.  6) 
Illustrates  the  problem.  A compact  hooded  flow  vectoring  device,  with  a radlus/dlameter  ratio  of  0.54 
provides  only  70*  of  the  fan  thrust  for  VT0L,  while  a similar  device  with  a radlus/dlameter  ratio  of  0.78 
provides  greater  than  905  of  the  fan  thrust  for  VT0L.  Although  1 vs  performance  Is  satisfactory,  th ! *. 
latter  device  Is  quite  large,  and  when  scaled  to  aircraft  size,  It  nearly  Impacts  the  qround  In  the  VT0L 
operational  mode.  Clearly,  this  solution  to  the  thrust  vectoring  problems  for  lift-cruise  fans  will  not 
suffice.  Figure  37  also  shows  the  performance  of  a canted  variable  camber  cascade.  This  device  is  more 
compact  and  turning  Is  »s  efficient  as  for  the  large  hooded  device.  However,  If  turning  angles  greater 
than  90°  are  required,  another  set  of  cascade  vanes  would  probably  be  required.  This  approach  would  also 
suffer  from  thrust  losses  caused  by  the  cascade  remaining  In  the  jet  during  cruise  flight.  None  of  the 
solutions  shown  In  Fig.  37  Is  acceptable;  research  is  icquired  to  produce  a lift-cruise  fan  thrust 
vectoring  device  that  will  not  seriously  penalize  an  aircraft.  This  device  will  probably  also  be  called 
on  to  provide  hover  control  forces  as  well;  thus  the  problem  Is  a difficult  and  challenging  one. 

Lift  fan  vec  .orlng  effectiveness  Is  shown  In  Fig.  30.  The  vectoring  cascade  at  angles  above  35° 
has  both  large  losses  and  restricts  the  fan  area,  which  causes  a rapid  loss  In  turning  efficiency.  Differ- 
ent vane  aspect  ratios,  venting  the  fan  hub  (chevron-shaped  louvers),  and  flapped  louvers  were  studied  to 
delay  the  rapid  loss  In  efficiency.  None  of  these  approaches  provided  a significant  increase  In  vectoring 
efficiency,  although  the  flapped  louvers  could  provide  more  negative  vectoring  capability.  Where  space  is 
available,  the  combination  of  precambered  louvers,  canted  cascade,  and  a rotating  cascade  may  improve  the 
turning  efficiency  while  providing  the  capability  of  producing  a side  force.  One  approach  using  all  these 
techniques  was  developed  for  the  aircraft  described  In  reference  3.  Data  for  this  arrangement  (ref.  24) 
is  also  presented  In  Fig.  38.  Referenced  to  the  vertical  lift,  the  vectoring  to  produce  thrust  increased 
efficiency  with  up  to  40°  turning.  This,  of  course,  Indicates  losses  while  vectoring  for  lift  only  were 
excessive.  However,  the  results  Indicate  that  an  Improved  lift-fan  vectoring  system  of  this  type  may  be 
possible. 
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4.2.3  Modeling  lift  fans.  The  lift-fan  aerodynamic  results  presented  thus  far  were  obtained  with  large- 
scale  fans.  This  section  discusses  problems  encountered  when  studying  the  aerodynamics  of  lift  fan  air- 
craft with  nonscaled  fans  or  small-scale  fans. 

Figure  39  shows  the  variation  of  fan  thrust  with  forward  speed  for  0.91  m (3  ft)  diameter  fans  with 
pressure  ratios  of  1.1  and  1.3  (ref.  6).  The  fans  were  tested  In  the  same  wing  (ref.  27);  however,  inlets 
and  Internal  flow  paths  as  well  as  fan  solidity,  tip  speed,  and  Internal  flow  paths  were  different.  Even 
so,  the  variation  of  fan  thrust  with  forward  speed  was  very  similar.  However,  as  shown  In  Fig.  40,  the 
Induced  lift  varied  significantly.  rurthermore,  as  shown  In  Fig.  hi,  the  variation  of  moment  with  air- 
speed Is  different.  The  causes  for  these  differences  are  unknown.,  but  the  results  Indicate  that  testing 
at  full-scale  size  but  subscale  pressure  ratios  may  not  be  sufficient:  actual  modeling  of  the  flow  path 
or  absolute  modeling  of  Reynolds  number  may  be  required. 

Figure  42  shows  the  variation  of  fan  thrust  with  forward  speed  for  a 0.91-m  (3  ft)  diameter  fan  and  a 

0.38-m  (IS  In.)  diameter  fan.  The  data  for  the  larger  fan  are  the  same  as  that  In  Fig.  41,  while  the 
data  for  the  smaller  fan  are  presented  In  reference  28.  The  larger  fan  was  a tlp-turblne-drlven  fan  In  a 
fairly  thin  Installation.  The  smaller  fan  was  a hub-driven  fan  In  a thicker  Installation.  8oth  fans  were 
designed  for  the  same  pressure  rise,  but  the  aspect  ratio  of  the  blading  was  significantly  different,  the 
smaller  fan  havlny  the  lower  aspect  ratio.  Considering  these  differences,  the  variation  of  thrust  with 
airspeed  for  the  two  fans  Is  remarkably  similar  figure  43  shows  a different  result.  Small-scale  fan 
data  from  reference  25  are  compared  with  large-scale  fan  data  from  reference  6.  Both  fans  were  mounted  In 
a fan-ln-wing  model.  The  large  difference  shown  is  opposite  from  what  would  be  expected  from  Reynolds 
number  effects. 

The  effects  of  Reynolds  number  on  the  turning  effectiveness  of  cascades  Is  shown  In  Fig.  44.  The 
poor  performance  of  the  smaller  cascade  Indicates  that  considerable  care  must  be  taken  with  vectoring 
devices  to  assure  realistic  performance  data. 

The  foregoing  results  Indicate  that  a great  deal  of  care  must  be  taken  11  small-scale  testing  Is  to 
yield  accurate  aerodynamic  results.  Extreme  care  must  be  taken  with  such  details  as  Inlets,  fan  flow 
paths,  and  vectoring  devices.  It  may  be  tha„,  rather  than  exact  duplication  of  full-scale  devices, 
Reynolds  number  sensitive  devices  must  be  designed  to  relieve  that  sensitivity.  Finally,  the  performance 
of  these  devices  must  be  measured  so  that,  If  the  performance  is  substandard,  the  data  can  be  corrected. 

5.  CONCLUDING  REMARKS 


The  failure  to  use  V/STOL  technology  In  sho;  t-haul  transportation  system  Is  disappointing,  but  not 
surprising  because  of  the  existing  economic  climate  and  poor  operating  economics  of  quiet  V/STOL  systems. 
However,  the  promise  of  V/STOL  technology  remains  unblemished.  This  approach  to  short-haul  transportation 
systems  offers  relief  from  alroort  congestion,  minimum  Impact  on  the  environment,  maximum  service  to  the 
passenger,  maximum  flexibility  In  route  structure,  and  possibly  a reduction  in  fuel  usage  compared  to  con- 
ventional aircraft  operating  in  a congested  environment. 

Research  must  be  dl.ected  to  improve  the  operating  economics  by  reducing  thrust  requirements  and 
simplifying  the  aircraft  systems  For  STOL  aircraft,  these  goals  may  be  approached  through  Improved  lift 
system  turning  efficiency  and  Improved  augmentation  systems.  For  VTOL  aircraft,  the  goals  may  be 
approached  through  the  development  of  small -volume,  high  augmentation  ratio  ejector  systems  and  the  Inven- 
tion of  small,  lightweight,  thrust  vectoring  devices.  Will-  research  In  these  areas  Is  necessary  for  the 
economic  acceptance  of  V/STOL  aircraft,  other  research  Is  needed  to  provide  a technologically  acceptable 
aircraft.  Some  of  the  more  promising  technological  research  areas  are  prediction  methods.  Including 
V/STOL  aerodynamics  and  augmentor  characteristics,  and  ground  effects,  Including  dynamic  characteristics. 

REFERENCES 


1.  Galloway,  Thomas  L.:  Future  Short-Field  Aircraft.  NASA  SP-320,  Paper  2,  1972. 

2.  Holzhauser,  C.  A.;  Deckert,  W.  H.;  Quigley,  H.  C.;  and  Kelly,  M.  W.:  Design  and  Operating 
Considerations  of  Commercial  STOL  Transports,  J.  Aircraft,  Vol.  2 No.  2,  March-April  1965, 
pp.  87-93. 

3.  V/STOL  Aircraft  Advanced  Engineering  Group  Conceptual  Design  of  a V/STOL  Lift  Fan  Transporv  - 
Summary.  NASA  CR-2184,  July  1972. 

4.  The  Boeing  Co.:  Study  of  Aircraft  In  Short  Haul  Transportation  Systems.  NASA  CR-986,  Jan.  19b8. 

5.  Johnson,  William  G.,  Jr.:  Aerodynamic  and  Performance  Characteristics  of  Externally  Blown  Flap 
Confirmations.  NASA  SP-320,  Paper  5,  1972. 

S.  K1  k,  Je -ry  V.;  Hall,  Leo  P. ; and  Hodder,  Brent  K.:  Aerodynamics  of  Lift  Fan  Aircraft. 

NASA  TM  ;:-62,086,  Sept.  1971. 


7.  Aoyagl,  Klyoshl;  Falarskl,  Michael  D.;  and  Koenig,  David  G.:  Wind-Tunnel  Investigation  of  a 

Large-Scale  Upper  Surface  Blown-Flap  Transport  Model  Having  Two  Engines.  NASA  TM  X-62,296, 
Aug.  1973. 


8.  Malavard,  Luclen  C.:  Recent  Developments  In  the  Method  of  the  Rheo-Electric  Analogy  Applied  to 
Aerodynamics.  J.  Aero.  Scl.,  Vol.  24,  No.  5,  May  1957,  pp.  321-331. 


9.  Funcher,  Richard  B . : A Compact  Thrust  Augmenting  Ejector  Experiment.  USAF  ARL  70-0137, 
Aug.  1970 


10.  Quinn,  6.:  Recent  Developments  in  Large  Area  Ratio  Thrust  Augmentors.  AIAA  Paper  72-1174, 

Nov.  1972. 

11.  Aiken,  Thomas  N.:  Advanced  Augmentor-WIng  Research.  NASA  SP-320,  Paper  8,  Oct.  1972. 

12.  Roepcke,  F.  A.;  and  Nickson,  T.  8.:  Design  Integration  and  Noise  Studio*  for  Jet  STOL  Aircraft. 

NASA  CR- 11 4621,  April  1973. 

13.  Hahal , A.  S.;  and  Gilchrist,  I.  J.:  Design  Integration  and  Noise  Studies  for  Jet  STOL  Aircraft; 
Augmentor  Wing  Cruise  Blowing  Valveless  System.  NASA  CR-114560,  Jan.  1973. 

14.  Hackett,  J.  E.;  and  Praytor,  E.  B.:  Ground  Effect  for  V/STOL  Aircraft  Configurations  and  Its 
Simulation  In  the  Wind  Tunnel.  NASA  CR-114,495,  Nov.  1972. 

15.  Hassell,  James  L.,  Jr.;  and  Judd,  Joseph  H.:  Study  of  Ground  Proximity  Effects  on  Powered-Lift 

STOL  Landing  Performance.  NASA  SP-320,  Paper  16,  Oct.  1972. 

16.  Falarskl,  Michael  D. ; anu  Koenig,  David  G.:  Longitudinal  Aerodynamic  Characteristics  of  a Large- 
Scale  Mode'  with  a Swept  Wing  and  Augmented  Jet-Flap  In  Ground  Effect.  NASA  TM  X-62,174, 

Oct  1972. 

17.  Turner,  Thomas  R. : Ground  Influence  on  a Model  Airfoil  With  a Jet  Augmented  Flap  as  Determined 
by  Two  Techniques.  NASA  TN  D-658,  Feb.  1961. 

18.  Lopez,  M.  L.;  and  Shen,  C.  C.:  Recent  Development  In  Jet  Flap  Theory  and  Its  Application  to 

STOL  Aerodynamic  Analysis.  AIAA  Paper  71-578,  June  1971. 

19.  Hackett,  J.  E.;  and  Lyman,  V.:  The  Jet  Flap  In  Three  Dimensions:  Theory  and  Experiment. 

AIAA  Paper  73-653,  July  1973. 

20.  Maskew,  B : On  the  Influence  of  Camber  and  Non-Planar  Vortex  Wake  on  Aerofoil  Characteristics 
In  Ground  Effect.  Loughborough  Unlv.  of  Technology,  Oct.  1971. 

21.  Dlllenlus,  M.  F.  E.;  Mendenhall,  M.  R.;  and  Spangler,  S.  B.:  Calculation  of  the  Longitudinal 
Aerodynamic  Characteristics  of  STOL  Aircraft  With  Externally-Blown  Jet-Augmented  Flaps. 

NASA  CR-2358,  June  1973. 

22.  Hickey,  David  H.;  and  Cook,  Woodrow  L.:  Aerodynamics  of  V/STOL  Aircraft  Powered  by  Lift  Fans. 
AGARD  CP  22.  Paper  15,  Sept.  1967. 

23.  Knight,  Ronald  G. ; Powell,  William  V.,  Jr.;  and  Prlzlow,  Jerome  A.:  Conceptual  Design  Study  of 

a V/STOL  Lift  Fan  Commercial  Short  Haul  Transport.  NASA  CR-2185,  Nov.  1972. 

24.  Atenclo,  Adolph,  Jr.;  Hall,  Leo  P.;  and  Kirk,  Jerry  V.:  Low-Speed  Wind-Tunnel  Investigation  of 
a Large-Scale  Lift  Fan  STOL  Transport  Model.  NASA  TM  X-62,231,  Feb.  1973. 

25.  Newsom,  William  A.,  Jr,;  and  Moore,  Frederick  L.:  Wind-Tunnel  Investigation  of  V/STOL  Transport 
Model  with  Six  Wing-Mounted  Lift  Fans.  NASA  TN  D-5695,  1970. 

26.  Hu,  Galen;  Lotz-Flugge,  I.;  and  Karamchetl,  K.:  An  Analysis  of  a Two-Dimensional  Propulsion 
Wing.  Ph.D.  Thesis,  Stanford  Unlv.,  March  1971. 

27.  Kirk,  Jerry  V.;  Hodder,  Brent  K.;  and  Hall,  Leo  P.:  Large-Scale  Wind-Tunnel  Investigation  of  a 
V/STOL  Transport  Model  with  Wing-Mounted  Lift  Fans  and  Fuselage-Mounted  Lift-Cruise  Engines  for 
Propulsion.  NASA  TN  0-4233,  Nov.  1967. 

28.  Llebleln,  S.;  Yuska,  J.  A.;  and  Dledrlch,  J,  H.:  Wind  Tunnel  Tests  of  a Wing-Installed  Model 

VTOL  Lift  Fan  with  Coaxial  Drive  Turbine.  NASA  TM  X-67854,  June  1971, 


o knots 

WEIGHT  t»l*Wt 

?900  1920  1940  i 960  1980  2000  0 25  50  75 


ye4h  of  finsi  fiiGNT  m/sec 

Fig.  1.  Trend  of  maximum  lift  with  time.  Fig.  2.  Landing  characteristics  with  mechanical 

flap  systems. 


I 9 


I ' 


Ite 


I 'V  , 

W 4 . w/»  • 

JBSkN/m^SOptf ) 
z . CtTo-*  ' 

CL„., ' 3 


. ». 1 •,  i ,\  j. 


0 12  3 4 3 6 

1.000  It 

I I I I I 

0 5 1.0  1.3  ’.JO 

km 

Fig.  3.  Takeoff  thrust  requl-ed  with 
mechanical  flap  systems. 


/wA  3.83  kN/m* 
I80lb/fl*l 

AH  * * 

rM.Lt.LLC.  rut.  oium  / 

(2,000  III  AIRCRAFT  A • J 

*7  1 ' *** 

NACELLE  FOR  1,220m  % -J 
(4  OOOf I ) AIRCRAFT 


Fig.  4.  Comparison  of  planforms  for  610  m 
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Fig.  5.  Effect  of  field  length  on  DOC. 
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Fig.  6.  Effect  of  noise  reduction  on  direct 
operating  costs. 
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Fig.  13  Augmentation  ratio  of  an  Ideal 
augmentor. 
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Fig.  18  Thrust  velocity  lapse  with  forward 
speed,  primary  nozzle  pressure  ratio  of  2.3. 


Fig.  14  Advanced  augmentor  concept. 
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Fig  15  Effect  of  nozzle  pressure  ratio  on 
augnentor  characteristics,  slot  nozzle. 


Fig.  19  Effect  of  nozzle  thrust  on  drag  diver- 
gence Mach  number  for  cruise  augmentor 
configuration. 
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Fig.  16  Representative  STOL  augmentors  being 
studied. 
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Fig.  20  Ground  effect  of  a swept  augnrntor  wing 
model . 
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Fig.  21  Dynamic  ground  effect,  jet  flap  model, 

C ■ 3.5,  - 60°. 
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Fig.  25  Comparison  of  measured  and  predicted 
characteristics  of  an  EBF  configuration. 


Fig.  22  Lift  variation  In  ground  effect  for  jet 
flap  wlnr  as  a function  of  time;  <5f  ■ 60, 

C - 3.5. 
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Fig.  23  Finite  element  representation  of  flapped 
wing. 


Fig.  26  Remote  lift-fan  VTOL  transports. 
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Fig.  24  Finite  element  representation  of  engine 
exhaust. 
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Fig.  27  Variation  of  Induced  lift  with  forward 
velocity  for  several  forward  fan  locations; 
a « 0*,  se  * 0°. 
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Fig.  28  Variation  of  Induced  lift  with  forward 
velocity  for  several  aft  fan  locations; 
a » 0*.  Sf  - 0e. 
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Fig.  32  Lift  variation  with  forward  spe»d  for 
small-scale  lift-fan  model  In  two  wind 
tunnels. 
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Fig.  29  Variation  of  Induced  lift  with  airspeed  F19-  33  Comparison  of  large-  and  small-scale 

for  several  fan  arrangements;  a « 0°,  fan-ln-wing  models,  6f  * 0. 
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Fig.  30  Variation  of  lift  with  forward  speed, 
drag  ■ 0. 
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Fig.  31  Small-scale  fan-ln-wing  model . 
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Fig.  34  Variation  of  moment  with  airspeed. 
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Fig.  35  Cross  section  of  lift-fan  flow  field. 
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Fig.  36  Two-dimensional  theoretical  method 
for  calculating  fan-ln-wing  lift. 
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Fig.  37  Turning  efficiency  of  hoods  and 
cascades  In  lift-cruise  fan  vectoring 
applications. 


Fig.  38  Turning  effectiveness  of  several 
exit  louver  systems. 
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Fig.  39  Comparison  of  thrust  variation  with 
forward  speed  of  0.91  m (3  ft)  diameter 
fans  with  different  design  pressure  ratios. 
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Fig.  40  Comparison  of  Induced  lift  for  the 
same  model  with  different  fans;  - 0°, 
o-0°.  f 
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Fig.  41  Comparison  of  pitching  moment  for  the 
same  model,  but  different  lift  fans; 

«f  « 0",  a « 0“. 
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ig.  * Effect  of  forward  speed  on  the  variation 
o rust  with  forward  speed  for  two  high- 
.'.assure  ratio  fans. 
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Fig.  43  Variation  of  fan  thrust  with  forward 
speed  for  a small  and  a large  lift-fan. 
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Fig.  44  Comparison  of  vectoring  performance  of 
large-  and  small-scale  exit  louver  cascades. 
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RESEARCH  INTO  POWERED  HIGH  LIFT  SYSTEMS 


FOR  AIRCRAFT  WITH  TURBOFAN  PROPULSION 


B.  Eggleston 

Advanced  Projects  Manager 
The  de  Havilland  Aircraft  of  Canada,  Limited 
Downaview,  Ontario,  Canada 


SUMMARY 


In  the  first  part  of  the  paper  the  characteristics  and  applications  of  powered  high  lift  systems 
suitable  for  turbofan  powered  aircraft  are  reviewed. 


The  second  put  of  the  paper  deals  with  aerodynamic  research  at  de  Havilland  Aircraft  of 
Canada  upon  high  lift  systems  for  use  with  high  bypass  ratio  turbofan  engines.  The  systems  discussed 
include  mechanical  flaps,  internally  blown  flaps,  externally  blown  flaps  and  vectored  thrust,  Tests  on 
two-dimensional  and  three-dimensional  models  are  reviewed  and  the  aerodynamics  applied  to  design 
studies  of  a turbofan  powered  STOL  transport  aircraft. 


The  application  of  a computerized  three-dimensional  potential  flow  method  to  lift  prediction  for 
a wing  with  internally  blown  flaps  is  described. 


INTRODUCTION 


The  objectives  of  this  paper  are  twofold.  The  first  is  to  provide  an  introduction  to  this  session 
on  research  into  the  aerodynamics  of  powered  high  lift  systems.  This  will  be  fulfilled  by  a general 
review  of  the  characteristics  and  applications  of  those  high  lift  concepts  under  study  in  NATO  countries 
for  application  to  transport  aircraft. 


The  second  and  major  objective  of  this  paper  is  to  describe  some  of  the  research  at  de  Havilland 
Canada  into  the  aerodynamics  of  STOL  transport  aircraft  powered  by  turbofan  engines.  Our  aerodynamic 
research  is  divided  into  two  broad  categories.  One  is  the  Augmentor- Wing  while  the  other  includes  sev- 
eral high  lift  systems  suitable  for  use  with  higher  bypass  ratio  turbofan  engines.  It  is  the  intention  in 
this  paper  to  concentrate  on  our  research  in  the  second  category  as  Augmentor -Wing  research  has  been 
well  documented  in  recent  papers  by  D.  C.  Whittley,  references  1 and  2.  Other  research  to  be  described 
includes  parametric  aircraft  design  studies  using  the  alternative  high  lift  systems  and  theoretical  flow 
prediction  methods  for  arbitrary  configurations. 


REVIEW  OF  POWERED  HIGH  LIFT  SYSTEMS 


Background 


Research  into  the  aerodynamics  of  powered  high  lift  systems  has  been  intensified  in  recent  years. 
This  has  occurred  in  response  to  near-term  civil  and  military  requirements  for  quiet,  turbofan  powered 
transport  aircraft  having  either  STOL  performance  or  steep-gradient,  RTOL  capabilities.  In  the  context 
of  military  operations  the  benefits  of  STOL  which  arise  from  increased  mobility  and  reduced  airfield 
construction  time  and  costs,  seem  to  be  readily  appreciated.  In  contrast  there  is  still  considerable 
debate  about  the  merits,  or  otherwise,  of  powered  lift  STOL  versus  steep-gradient  RTOL  aircraft  in 
civil  applications.  It  is  beyond  the  scope  of  this  paper  to  become  involved  in  such  debates.  Therefore, 
suffice  it  to  say  that  beyond  the  immediate  STOL  application  of  aerodynamic  research  into  powered  high 
lift  systems,  a much  wider  variety  of  less  exotic  aircraft  should  eventually  benefit  from  technological 
advances  made  in  support  of  aircraft  using  powered  high  lift  systems. 


Before  entering  a more  detailed  review  of  the  various  powered  high  lift  systems,  mention  should 
be  made  of  the  main  factors  influencing  the  designer's  choice  of  a preferred  system.  These  are  summar- 
ized below  and  shown  in  Figure  1. 


(a)  design  mission  (field  size,  payload,  cruise  speed) 


(b)  wing  loading  (via  comfort  or  cruise  requirements) 


(c)  noise 


(d)  airworthiness  requirements  (safety  margins,  time  delays,  etc) 
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(e)  powerplant  requirements  (new  engines  or  modified  existing  engines) 

(f)  totsl  system  economics  (cost  penalties  for  STOL  and  noise,  reduced  airfield  costs) 


Of  the  abov*  factors,  field  size  has  the  greatest  influence  on  the  layout,  choice  of  powerplant* 
and  selection  of  a high  lift  system.  The  Influence  of  field  size  is  illustrated  In  Figures  2 and  3 which 
show  the  trends  of  field  size  with  installed  thrust/ weight  ratio,  wing  loading  and  maximum  lift  coeffi- 
cient for  civil  aircraft.  The  extent  to  which  powered  lift  needs  exploiting  is  seen  to  be  strongly  depend- 
ent on  both  wing  loading  and  field  size.  For  example  operation  from  2000  ft  STOLports  le  feasible  using 
advanced  mechanical  flap  systems  provided  wing  loadings  about  55  lb/ft^  are  tolerable.  Although  the 
simplicity  of  this  is  appealing,  considerations  of  comfort  and  cruise  efficiency  probably  preclude  such 
a solution  for  all  but  small,  short-range  aircraft. 

Future  turbofan  powered  transport  will  cruise  at  speeds  Ln  excess  of  0.7  Mach  number  in  which 
case  the  lowest  wing  loadings  acceptable  vary  from  70  - 75  lb/ft^  for  small,  short-range  aircraft  to 
90  - 100  lb / ft ^ for  large,  long-range  aircraft.  In  either  case  for  STOL  operation  some  form  of  powered 
lift  is  needed  to  supplement  the  power-off  lift,  however  the  degree  of  assistance  required  varies  mark- 
edly, increasing  rapidly  with  wing  loading.  This  can  have  a strong  influence  on  the  severity  of  problems 
related  directly  to  the  magnitude  of  the  powered  lift  increment  such  as  noise,  and  control  after  an  engine 
failure. 


There  are  basically  six  powered  high  lift  systems  suitable  for  use  with  turbofan  propulsion,  plus 
various  hybrids.  The  six  basic  concepts  are  illustrated  in  Figures  4a  and  4b  and  listed  below: 

1)  Internally  blown  flap  (IBF) 

2)  Jet  flap 

3)  Externally  blown  flap  ( EBF) 

4)  Upper  surface  blown  flap  (USB) 

5)  Augmentor-Wing 

6)  Mechanical  flaps  with  vectored  thrust  (MF/VT) 

Each  of  the  above  systems  has  different  attributes  in  relation  to  the  factors  mentioned  previously 
and  no  one  system  is  likely  to  be  pre-eminent  in  all  applications.  The  following  sections  describe  the 
characteristics  and  known  applications  of  the  above  high  lift  systems. 

Aircraft  Requirements,  Flight  Research  Vehicles  and  Prototypes  (Figure  5) 

In  terms  of  volume  of  research  activity  the  United  States  is  in  a strong  position  relative  to  all 
the  aforementioned  powered  high  lift  systems.  This  situation  is  not  surprising  as  NASA  funded  research 
was  intensified  when  pressure  was  felt  from  congestion  and  noise  in  civil  operations.  Simultaneously 
military  funded  research  increased  when  a USAF  requirement  emerged  for  a turbofan  powered  STOL 
transport  to  replace  the  aging  C-130  Hercules. 

The  military  program  for  the  C-130  replacement  (designated  AMST  for  Advanced  Military  STOL 
Transport)  was  at  one  time  secure  but  recently  it  has  been  threatened  by  budget  cuts,  reference  3.  The 
AMST  research  program  is  very  broadly  based.  Extensive  wind  tunnel  testing  and  comparative  studies 
lead  to  the  selection  of  two  powered  lift  systems  to  be  incorporated  in  separate  flying  prototvpes.  These 
will  be  matched  in  a competitive  fly -off  to  establish  the  preferred  high  lift  system  for  a production  air- 
craft. The  YC14  prototype  ur.«Iar  construction  by  the  Boeing  Company  uses  upper -surface-blowing, 
mechanical  flaps  and  a blown  cambered  Kruger  leading  edge  device.  The  YC15  under  construction  by  the 
McDonnell  Douglas  Company  uses  externally  blown  flaps  and  part  span,  leading  edge  slats.  Both  aircraft 
are  due  to  fly  in  1975.  NASA  will  be  involved  in  this  program  to  obtain  information  on  operational 
requirements  pertaining  to  civil  STOL  aircraft. 

NASA  has  been  active  in  research  into  Quiet  Propulsive  Lift  Technology  (QPLT)  for  civil  appli- 
cations since  the  early  I960’ o . The  Augmentor-Wing  concept  is  furthest  advanced  and  a flight  research 
vehicle  has  been  developed  in  a joint  U.S.  /Canadian  program.  During  197  2 NASA  was  planning  to  follow 
up  with  a new  flight  research  vehicle  designated  QUESTOL  (Quiet  Experimental  STOL)  which  was  to  be 
an  EBF  aircraft  capable  of  subsequent  modification  to  Augmentor-Wing.  This  project  was  to  have  swept 
wings,  high  wing  loadings  and  it  was  to  demonstrate  noise  levels  compatible  with  civil  STOL  operations, 
't’he  program  became  defunct  due  to  budgetary  problems  and  overlap  with  the  military  AMST  program. 
NASA  is  now  considering  yet  another  flight  research  vehicle,  possibly  based  on  the  C-8  (Buffalo)  air- 
frame, using  swept  Augmentor -Wings  or  a hybrid  upper -surface -blown,  internally  blown  flap,  reference 
4. 


In  Canada  our  large  aircraft  requirements  generally  run  parallel  with  U.S.  developments.  Due 
to  the  smaller  size  of  the  Canadian  aircraft  industry  and  our  geographic  situation  there  is  also  additional 
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emphasis  on  smaller  aircraft  with  STOL  capabilitiea.  This  has  lead  to  the  recent  development  of  the 
DHC-7  QSTOL  civil  airliner  and  the  demonatrator  STOL  aervlce  between  Ottawa  and  Montreal  duo  to 
atart  in  1974.  In  the  field  of  turbofan  powered  aircraft  it  waa  original  Canadian  research  into  tha 
Augmentor- Wing  concept  which  provided  the  basis  for  joint  Canadian/U . S,  development  of  a flight 
research  vehicle.  This  aircraft  is  based  on  a modified  de  Havilland  Buffalo  airframe  and  Rolls- 
Royce  Spey  turbofan  engines. 

In  Europe  and  the  U.K.  no  definite  requirements  have  emerged  for  STOL  transport  aircraft  in 
either  civil  or  military  applications.  No  flight  research  vehicles  of  powered  high  lift  s'/stems  are  con- 
templated. Instead  the  emphasis  is  on  quiet,  steep  gradient  civil  aircraft  without  powered  lift  and  using 
purely  mechanical  flap  systems.  Examples  of  this  are  the  Hawker  Siddeley  HS  146  and  the  Fokker  F2S 
Series  5000  aircraft. 

- Internally  Blown  Flap 

The  internally  blown  flap  ( IB  F) , also  known  as  the  BLC  flap,  has  been  widely  used  on  various 
military  aircraft.  The  IBF  has  tangential  slots  in  the  aerofoil  upper  surface  from  which  blowing  air 
issues  to  re-energize  the  boundary  layer  and  prevent  flow  separation.  The  amount  of  blow  used 
(.02  < C/i  < .08)  slightly  exceeds  the  values  needed  for  flow  attachment  to  the  trailing  edge  so  that  lift 
performance  is  insensitive  to  minor  speed  or  attitude  changes.  With  this  level  of  blow,  lift  performance 
can  be  re’dily  predicted  using  potential  flow  methods.  The  extension  to  finite  aspect  ratios  can  be  made 
using  span  loading  calculation  methods  such  as  Multhopp's. 

In  the  early  applications  of  IBF's,  blowing  air  was  tapped  from  the  high  pressure  compressor 
stages  and  the  high  temperatures  required  the  use  of  steel  or  titanium  duct  systems.  As  the  engines 
were  pure  jets  or  low  bypass  ratio  turbofans  the  losses  in  take-off  thrust  for  IBF  levels  of  bleed  were 
large  but  tolerable.  With  modern  high  bypass  ratio  engines  the  situation  is  much  worse  as  bleed  flows 
represent  larger  proportions  of  core  flows  and  typically  the  losses  in  take-off  thrust  can  be  6 - 7 times 
the  bleed  thrust  extracted  for  engines  about  six-to-one  bypass  ratio. 

Simpler,  lighter  blowing  systems  become  possible  if  lower  blowing  pressures  are  used  and  at 
pressure  ratios  about  2.  5 aluminum  systems  become  feasible.  However  the  reduced  specific  thrust  of 
low  pressure  bleed  requires  increased  bleed  flow  which  preclude  it  . use  on  high  bypass  ratio  turbofan 
engines.  Alternative  solutions  rvailable  include  the  use  of  a separate  blowing  engine(  s)  or  three-stream 
bleed/ propulsion  engines  of  the  type  in  Figure  6.  It  seems  that  both  the  services  and  airlines  are  tradi- 
tionally against  mixed  powerplant  arrangements  due  to  problems  with  spares  logistics.  As  a consequence 
the  separate  blowing  engine  solution  is  not  favoured  despite  its  ability  to  use  existing  propulsion  engines 
without  modifications.  The  three-stream  engine  uses  a conventional  turbofan  engine  with  an  oversized 
intermediate  compressor  to  provide  permanent  bleed  and  a variable  pitch  fan  or  thrust  deflector  iB  re- 
quired to  maintain  high  bleed  at  low  net  thrusts  on  the  landing  approach.  An  alternative  arrangement 
used  in  a recent  AMST  study,  reference  5,  used  turbofans  of  low  bypass  ratio  (2.  5)  to  give  fan  pressure 
ratios  high  enough  to  allow  bleed  extraction  directly  from  the  fan  bypass  flow.  It  was  found  in  this  study 
that  relative  to  an  EBF  the  weight  savings  of  the  simplified  blowing  system  and  smaller  engines  were 
entirely  offset  by  the  penalties  in  cruise  fuel  consumption  due  to  the  low  bypass  ratio  of  the  powerplants. 

The  influence  of  permanent  bleed  extraction  on  take-off  thrust  and  cruise  s.f.  c.  is  shown  in 
Figure  7 for  three-stream  engines  of  constant  core  size  and  a fan  pressure  ratio  about  1.3:1.  An  IBF 
typically  requires  about  8%  of  the  total  thrust  as  bleed  and  the  corresponding  penalties  in  take-off 
thrust  and  cruise  s.f.  c.  are  6%  and  3%  respectively  assuming  bleed  thrust  recovery  in  both  cases.  The 
influence  of  bleed  extraction  on  bypass  ratio  and  uninstalled  cruise  s.  f.  c.  is  given  in  greater  detail  in 
Figure  8.  Note  that  for  IBF  levels  of  bleed,  high  bypass  ratios  can  be  maintained  with  consequent  bene- 
fits in  fuel  consumption  at  both  cruise  and  off  design  conditions. 

The  IBF  is  a comparitively  simple  high  lift  system.  Typically  a single  piece  flap  is  used  with  a 
fixed  offset  hinge  to  give  small  chord  extensions,  Figure  9.  As  blowing  quantities  are  low  duct  systems 
can  be  readily  accommodated  in  the  wing  shroud  region.  However,  unless  the  IBF  is  allied  with  a three- 
stream  engine  it  loses  much  of  it  s attraction  and  even  then  the  penalties  in  cruise  s.  f.  c.  may  be  unac  - 
ceptable  for  aircraft  requiring  long  range  operation. 

- Jet  Flap 

The  jet  flap  was  conceived  at  NOTE  in  the  U.K.  in  the  early  i950's  and  subsequently  developed 
into  a flight  research  vehicle  by  Hunting  Percival  (H  126).  The  jet  flap  is  similar  to  the  IBF  physically 
but  uses  much  larger  blowing  thrust  coefficients  to  increase  lift  above  attachment  levels  by  entering 
the  supercirculation  regime.  The  two-dimensional  performance  of  the  Jet  Flap  was  formulated  by 
Spence,  reference  6 and  extended  fo  three  dimensions  by  Maskell  and  Spence,  reference  7,  using  linear- 
ized theory  in  both  cases.  More  recently  singularity  methods  have  been  used  to  study  the  influence  of 
large  deflections  and  finite  thickness  in  the  jet  sheet,  references  8 and  9. 

The  H 1 26  used  the  hot  efflux  of  a pure  jet  engine  to  blow  the  jet  flap.  The  lift  performance  of 
the  aircraft  proved  inferior  to  small  scale  model  tests  and  erratic,  uncontrollable  wing  dropping  at 
stall  curtailed  testing  at  high  lift  and  blowing  thrust  coefficients.  Subsequent  model  tests  with  leading 
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edge  slats  showed  improvements  in  stall  behaviour,  reference  10,  but  unfortunately  these  were  never 
incorporated  in  the  aircraft.  The  Jet  Flap  has  difficulty  generating  steep  approaches  due  to  the  good 
thrust  recovery  characteristics  and  further  work  was  considered  but  not  executed  using  in-flight  thrust 
reversing  for  steep  gradient  studies.  Following  the  generally  bad  experiences  with  the  H 126  this 
concept  has  remained  dormant  until  recently. 

A new  variant  of  the  Jet  Flrp  has  been  proposed  by  the  Lockheed  Company,  reference  11.  In  this 
scheme  deflection  of  the  flap  causes  its  cross-section  to  expand  to  form  a spanwise  duct  of  large  pro- 
portions. The  large  cross-section  of  the  duct  permits  low  pressure  fan  air  to  be  used  for  blowing, 
which  allows  conventional  turbofan  engines  to  be  used  for  both  blowing  and  propulsion.  This  concept 
has  been  combined  with  upper -surtace-tlowing  in  a hybrid  system  in  recent  NASA  funded  studies  as  a 
means  of  Increasing  lift  and  reducing  noise,  references  12  and  13.  In  this  application  a twin  engined 
layout  with  a fan  pressure  ratio  of  1.  35  was  used  and  the  blowing  system  carried  about  15%  of  the  fan 
mass  flow.  The  lateral/directional  asymmetries  after  engine  failure  were  compensated  for  by  cross- 
ducting the  bleed  flows  across  the  aircraft  to  maintain  flap  blowing  after  engine  failure. 


Externally  Blown  Flap  ( EB  F' 

This  concept  was  first  explored  by  NASA  in  the  mid  1950's.  It  did  not  find  applications  at  that 
time  as  the  only  engines  available  were  pure  jets  which  would  have  required  prohibitively  heavy  flap 
systems  fabricated  from  steel.  The  development  of  the  high  bypass  ratio  turbofan  engine  with  its  com- 
paritively  cool  and  low  velocity  fan  and  core  engine  exhausts  has  rejuvenated  this  concept.  It  has  been 
selected  for  the  McDonnell  Douglas  YC15  prototype  for  the  AMST  fly -off  competition.  In  addition  it  is 
under  active  consideration  for  civil  STOL  applications,  figuring  prominently  in  NASA  aerodynamics 
and  propulsive  studies. 

The  externally  blown  flap  uses  direct  impingement  of  the  fan  and  core  effluxes  on  a mechanical 
flap  system  to  create  lift  by  a combination  of  direct  jet  deflection  and  supercirculation  effects  as  shown 
in  Figure  10.  The  amount  of  lift  generated  can  be  directly  controlled  bv  the  degree  of  flap  immersion  in 
the  jets,  reference  18,  so  that  lift  can  be  varied  using  either  jet  or  flap  deflection,  thrust  modulation  or 
spoilers.  It  is  an  inherent  characteristic  of  the  EB  F that  engine  failure  causes  large  losses  in  lift  and 
large  lateral/directional  moments.  However,  adequate  lateral  controls  have  been  demonstrated  for 
operation  at  very  high  lift  coefficients  (Cl  ~ 8),  reference  14.  Longitudinal  stability  and  control  con- 
siderations require  this  c incept  to  use  horizontal  tails  with  large  volume  coefficients,  set  well  forward 
to  operate  in  regions  of  favourable  downwash. 
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The  comparative  simplicity  of  the  EB  F combined  with  its  ability  to  use  conventional  turbofan 
engines  make  it  very  attractive  for  military  applications.  The  application  to  large  civil  aircraft  is  not 
so  straightforward  due  to  noise  considerations.  The  EBF  generates  additional  noise  due  to  jet  impinge- 
ment on  the  flaps  and  to  achieve  the  noise  goals  for  civil  STOL  (95  PNdB  at  500  ft)  requires  compensa- 
tion using  lower  jet  velocities.  This  may  be  obtained  using  very  high  bypass  ratios  ( a 17;  1),  or  with 
mixer  nozzles  on  lower  bypass  ratio  engines  to  promote  rapid  decay  of  the  exhaust  velocity  prior  to 
impingement  on  the  flaps.  Both  solutions  can  lead  to  large  losses  in  cruise  thrust  due  to  excessive 
cowl  drag  ir.  the  former  case  and  low  nozzle  efficiency  ir.  the  latter,  reference  15.  Recent  work  using 
flaps  with  blowing  and  flaps  with  porous  edges,  reference  13,  has  shown  substantial  reductions  in  im- 
pingement noise  but  their  integrated  effect  or.  performance  and  complexity  has  yet  to  be  demonstrated. 

The  sheer  compexity  of  the  processes  whereby  the  EBF  generates  lift  is  likely  to  defy  analytic 
methods  of  performance  prediction  for  some  time  yet.  A procedure  for  a simplified  two-dimensional 
inviscid  case  was  presented  in  reference  16,  while  several  researchers  have  developed  semi-empirical 
methods  for  predicting  EBF  performance  in  three  dimensions  based  on  developments  of  jet-flap  theory, 
references  17  and  18.  The  basic  inputs  to  the  semi -empirical  methods  are  the  static  turning  angle  and 
thrust  efficiency  of  the  engine  flap  system.  Hence  predictions  can  only  be  made  for  engine/flap 
arrangements  which  have  already  been  tested  and  as  a result  such  methods  will  only  be  useful  for 
minor  perturbations  about  known  geometries.  The  Quasi-2D  technique  discussed  later  may  provide  a 
simple,  low-cost  means  of  obtaining  the  additional  data  needed  for  new  arrangements. 

Upper  Surface  Blown  Flap 

The  upper  surface  blown  flap  (USB)  was  first  tested  by  NASA  about  the  same  time  as  the  external- 
ly blown  flap  and  for  similar  reasons  it  found  no  applications  at  that  time.  The  early  tests  established 
that  its  high  lift  and  turning  performance  were  similar  to  the  EBF  provided  the  jets  were  spread  into 
thin  sheets  on  the  wing  upper  surface  using  flattened  nozzles.  It  was  also  found  that  compared  to  the 
EBF  there  were  large  reductions  in  noise  levels  below  the  wing  due  to  shielding  effects.  This  latter 
characteristic  has  assumed  particular  significance  for  large,  civil  STOL  aircraft  as  it  will  enable 
USB  aircraft  to  use  lower  bypass  ratios  engines  than  EBF's  with  consequent  improvements  in  propulsive 
efficiency,  reference  4.  The  USB  has  been  selected  as  the  high  lift  system  for  the  twin  engined  YC14 
AMST  prototype  under  construction  by  the  Boeing  Company. 

There  is  little  published  data  on  USB  research  as  interest  in  it  is  very  recent  and  most  of  the 
work  has  been  outside  the  public  domain.  Some  recent  Boeing  data,  reference  19,  and  NASA  tests, 
references  20  and  21,  show  that  good  flow  turning  and  high  lift  performance  can  be  obtained  even  with 
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large  nozzles  corresponding  to  high  bypass  ratio  engines  provided  the  nozzles  are  flattened  to  spread 
the  flow.  The  Boeing  work  suggests  that  the  exhaust  nozzle  geometries  giving  good  high  lift  behaviour 
are  in  conflict  with  high  speed  requirements  and  difficult  compromises  may  be  Involved.  Based  on 
these  data  USB  aircraft  may  have  difficulty  generating  steep  descent  gradients  due  to  the  good  thrust 
recovery  characteristics  (.rising  from  jet  flap  effects.  Shallow  approaches  at  high  incidence  may  be 
needed  to  obtain  high  lift  coefficients  which  will  degrade  STOL  performance  and  tend  to  increase  the 
noise  footprint  area  on  the  approach. 

The  USB  is  one  of  the  few  powered  high  lift  systems  which  can  be  used  on  twin  engines  layouts. 
The  lateral/ directional  moments  due  to  engine  failure  can  be  made  tolerable  by  mounting  the  engines 
well  inboard  and  using  two  segment  flaps  which  open  up  to  form  slots  on  the  engine  failed  side  to  mini- 
mize lift  loss.  However,  the  thrust/ weight  ratios  needed  for  twin-engined  STOL  are  extremely  high 
(ps.  60/  introducing  significant  mismatch  between  STOL  and  cruise  thrust  requirements  with  consequent 
weight  and  cost  penalties.  The  USB  has  the  advantage  that  existing  high  bypass  ratio  turbofan  engines 
can  be  used  in  military  applications  but  like  the  EBF  new,  very  high  bypass  ratio  engines  will  be  needed 
for  large  civil  STOL  aircraft  applications. 

- Augmentor-Wing 

The  principle  of  the  Augmentor-Wing  was  conceived  independently  in  Canada  and  France.  This 
high  lift  system  is  a derivative  of  the  Jet  Flap  in  which  air  bleed  from  the  engines  exhausts  into  a span- 
wise  channel  formed  between  upper  and  lower  flap  elements  as  shown  schematically  in  Figure  4a.  The 
inlet  to  the  channel  is  on  the  wing  upper  surface  which  allows  flow  to  be  induced  to  mix  with  the  jet  flow 
and  augment  the  thrust  by  ejector  action.  The  Augmentor-Wing  is  used  on  the  Buffalo/Spey  flight 
research  vehicle  and  the  concept  is  prominent  in  NASA  funded  studies  on  aerodynamics,  noise  and  pro- 
pulsion, references  14  and  20.  The  blowing  air  is  cross -ducted  in  the  Augmentor-Wing  which  minimizes 
the  lateral/directional  moments  after  engine  failure.  As  a result  it  is  one  of  the  few  powered  lift  sys- 
tems usable  with  safety  on  twin-engined  layouts. 

Recent  research  on  the  Augmentor-Wing  has  concerned  improvements  in  thrust  augmentation 
ratio  using  multi -lobe  nozzles,  evaluation  of  forward  speed  effects,  a study  of  the  noise  reduction 
potential  of  lobe  nozzles  and  lined  flaps  and  development  of  layouts  to  reduce  the  complexity  of  blowing 
systems  such  as  the  "valveless"  augmentor,  reference  23.  Other  research  includes  studies  of  high 
speed  cruise  performance  with  the  Augmentor  open,  with  a view  to  Improving  cruise  fuel  consumption 
by  airframe  drag  reduction  and/or  thrust  augmentation.  In  addition,  further  tests  have  been  undertaken 
at  NASA  Ames  using  a large  swept  wing  model  to  explore  noise,  performance  and  stability  and  control 
characteristics. 

The  powerplant  situation  for  the  Augmentor-Wing  is  similar  to  the  IB  F.  Comparisons  of  sepa- 
rate blowing  compressors  with  two-stream  or  three-stream  bleed/oropulsion  turbofan  engines  show  the 
superiority  of  the  bleed/ propulsion  arrangements.  The  two-stream  engine  is  favoured  for  large  civil 
aircraft  with  a thrust  split  of  cold/hot  flows  of  80/20.  The  entire  cold  flow  is  ducted  to  the  wing  to 
maximize  thrust  augmentation  and  noise  reduction  potential.  Very  low  bypass  ratios  (<  3:1)  are  needed 
to  give  fan  pressure  ratios  high  enough  for  compact  blowing  systems  and  this  results  in  penalties  to 
cruise  specific  fuel  consumption  about  30%  relative  to  high  bypass  ratio  turbofans  as  shown  in  Figure  8. 
On  smaller  civil  aircraft,  or  large  military  aircraft  where  noise  constraints  will  be  less  severe,  three- 
stream  bleed/ propulsion  engines  of  the  kind  shown  in  Figure  6 become  feasible.  It  is  considered  that 
thrust  splits  of  fan/blow/core  flows  of  40/40/20  are  suitable  which  increase  bypass  ratios  to  approxi- 
mately 5:1  and  reduce  the  fuel  consumption  penalty  to  about  20%.  The  three-stream  arrangement  reduc- 
es the  quantity  of  air  to  be  ducted  within  the  wing,  simplifying  the  blowing  system  and  problems  of 
structural  integration.  The  three-stream  engines  will  require  variable  pitch  fans  or  thrust  deflectors 
to  maintain  bleed  capability  at  approach  conditions  when  thrust  is  low.  The  low  bypass  ratio  engines 
used  by  the  Augmentor-Wing  have  a low  lapse  rate  of  thrust  with  speed  and  altitude.  As  a result  these 
aircraft  will  be  capable  of  higher  maximum  cruise  speeds  than  aircraft  using  the  other  powered  high 
lift  systems. 

The  Augmentor-Wing  has  been  thoroughly  investigated  in  both  model  and  flight  research  pro- 
grams. giving  a high  degree  of  confidence  in  its  application  to  future  aircraft.  Its  noise  reduction 
potential  is  probably  gi eater  than  any  other  powered  lift  system,  so  it  is  particularly  competitive  for 
lar^e  civil  aircraft  where  noise  goals  are  sufficiently  stringent.  The  blowing  system  and  double  flap 
arrangement  make  it  more  complex  and  highly  integrated  than  MF/VT  or  EBF.  Combined  with  the  re- 
quirement for  a specialized  bleed/ propulsion  engine  having  high  fuel  consumption  this  may  defer  the 
practical  application  of  the  concept  until  such  time  as  advances  in  noise  regulations  preclude  the  use 
of  other  powered  lift  systems.  Figure  1 1 and  reference  14. 

- Mechanical  Flaps  and  Vectored  Thrust 

The  Augmentor-Wing  STOL  flight  research  vehicle  has  very  effectively  demonstrated  the  use  of 
propulsive  thrust  vectoring  as  a source  of  direct  powered  lift  increments.  Furthermore  it  has  shown 
that  varying  the  vector  angle  about  the  approach  setting  provides  a powerful  means  of  modulating  drag 
and  hence  controlling  flight  path  angle. 
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A combination  of  thrust  vectoring  and  an  efficient  mechanical  flap  ayetem  (MF/VT)  providea  a 
comparitlvely  almple  powered  high  lift  ayetem.  Reaearch  ha  a ahown  that  when  a deflected  jet  operatea  in 
cloee  proximity  to  a flap  ayetem  beneficial  lift  interference  occura.  The  reaulting  rate  of  growth  of  lift 
with  thruat  la  about  half  EBF  values  and  the  reaulting  tncreaeee  in  pitching  momenta  are  approximately 
equal  to  the  moment  of  the  groaa  thruct  vector  about  the  reference  centre.  Obvioualy  thia  high  lift  con- 
cept requiree  higher  thrust/weight  ratios  then  an  EB F to  achieve  a given  lift  coefficient  and  at  very 
high  valuea  of  lift  the  size  of  the  pitching  momenta  may  preclude  the  uae  of  aft  nozzle  location*  with 
conaequent  loas  of  the  induced  lift  component 

An  MF/VT  aircraft  with  high  bypasa  ratio  turbofan  engines  will  uae  quite  low  deflection  angles  on 
the  approach  (60°  - 70°)  due  to  a combination  of  the  large  inlet  momentum  drag  component  and  the  large 
profile  drag  of  mechanical  flaps.  Thia  offers  scope  for  the  design  of  thrust  deflectors  which  are  simpler 
and  lighter  than  the  Pegasus  type  of  nozzle  used  in  the  Augmentor -Wing  application.  Engine  failure  on 
the  MF/VT  introduces  both  large  lateral/directional  momenta  and  lift  losses  which  ultimately  limit  the 
usable  vertical  component  of  thrust  on  the  approach.  However,  as  the  MF/VT  has  thruat  deflection  in- 
dependent of  flap  deflection,  unlike  the  EBF,  it  offers  more  scope  for  control  procedures. 


Recent  military  aircraft  studies  for  the  AMST  have  shown  insignificant  differences  between  the 
weights  and  wing  loadings  of  aircraft  with  MF/VT  and  EBF  powered  high  lift  systems,  reference  5.  In 
contrast,  in  recent  NASA  civil  STOL  studies  the  MF/VT  does  not  look  attractive,  reference  14,  parti- 
ally because  the  civil  CLmax  requirements  are  higher  than  the  military  case  but  also  because  the  power- 
off  aerodynamics  used  in  these  studies  seem  poor. 

RESEARCH  INTO  THE  AERODYNAMICS  OF  POWERED  HIGH  LIFT  SYSTEMS 

Background 

Throughout  this  section  of  the  paper  it  will  be  evident  that  our  research  goals  relate  to  future 
products  which  will  be  STOL,  of  relative’  small  capacity  and  designed  for  short  haul  operations.  These 
aircraft  could  replace  the  Buffalo  in  military  tactical  supply  roles  or  the  DHC-7  in  civil  STOL  roles. 

Such  aircraft  can  tolerate  lower  wing  loadings  than  the  large,  long  range  aircraft  under  consideration 
elsewhere  and  as  a result  lower  maximum  lift  coefficients  are  needed.  For  cruise  comfort  it  appears 
minimum  wing  loadings  in  the  range  of  70  - 75  lb/ft^  are  acceptable  which  correspond  to  maximum  lift 
coefficients  at  landing  of  4.  5 - 5.  0,  as  shown  in  Figure  3.  These  values  are  only  slightly  above  levels 
obtainable  from  efficient  mechanical  flap  systems  on  unswept  wings,  so  that  the  lift  increments  requir- 
ed from  power  effects  are  quite  small.  It  has  been  a primary  objective  of  our  research  to  achieve  the 
highest  power-off  lift  performance  to  minimize  the  additional  lift  needed  from  power  effects  as  illustrat- 
ed in  Figure  1 Z.  This  less  extreme  approach  to  powered  lift  STOL  aircraft  promises  to  alleviate  the 
severe  problems  of  noise,  stability  and  control  particularly  evident  with  STOL  aircraft  using  very  high 
wing  loadings. 

High  cruise  speeds  are  not  important  for  short  range  civil  or  military  operations  as  their  effects 
on  block  time  are  minimal  as  shown  in  Figure  13.  Ln  fact  at  short  ranges  the  major  time  savings  of 
STOL  relative  to  CTOL  arise  from  improved  dispatch  and  ATC  procedures.  Cost  studies  show  that 
once  cruise  speeds  increase  much  beyond  Mach  0.  72  direct  operating  costs  of  STOL  aircraft  begin  to 
rise  rapidly  as  indicated  in  Figure  14.  With  these  two  considerations  in  mind  it  seems  that  cruise  Mach 
numbers  of  0.72  - 0.75  are  most  appropriate  for  the  missions  in  view.  At  such  cruise  speeds  the  newly 
developed  supercritical  aerofoils  will  allow  reasonably  thick  wings  (about  1 3°'o  t/ c ratio)  to  be  used  with 
unswept  wings.  Furthermore  the  use  of  an  unswept  wing  provides  higher  maximum  lift  coefficients  as 
the  lift  penalties  for  sweep  which  follow  a cos^  A H ( where  1 < N < 2 and  A H is  hinge  line  sweep  angle) 
are  avoided. 

At  the  time  this  work  commenced  noise  research  was  at  an  infant  stage  and  the  only  sure  way  of 
reducing  noise  was  by  reduction  of  j et  velocity.  It  appeared  that  fan  pressure  ratios  about  l,25(Vj  < 

700  ft/ sec)  would  be  acceptable  provided  fans  with  low  tip  speed  were  used  in  conjunction  with  absorbers 
in  the  inlet  and  exit  ducting.  This  order  of  fan  pressure  ratio  corresponds  to  bypass  ratios  of  8 - 15 
depending  on  the  core  engine  cycle.  These  parameters  were  used  in  conjunction  with  an  installed  thrust/ 
weight  ratio  of  0.45  and  a wing  loading  of  7 5 lb / ft ^ to  g've  the  proportions  of  the  research  models  used 
in  our  aerodynamic  research  programs. 

As  noted  in  the  Introduction  this  review  will  be  limited  to  those  high  lift  systems  which  can  use 
high  bypass  engines.  The  systems  to  be  described  include  the  Internally  Blown  Flap,  Externally  Blown 
Flap  and  Mechanical  Flap  combined  with  Thrust  Vectoring. 

Two-Dimensional  Testing 

Our  two-dimensional  testing  uses  wings  of  two  foot  chord  which  completely  span  the  six  feet 
height  of  the  NAE  6 x9'  low  speed  wind  tunnel.  The  models  are  cantilevered  from  the  tunnel  balanc*  at 
one  end  with  end  plates  at  the  extremities.  No  form  of  wall  treatment  is  used.  The  lift  coefficients  a*e 
based  on  the  balance  data  which  provides  conservative  estimates  of  sectional  performance.  Before 
using  in  spanwise  loading  calculations  the  drag  is  usually  corrected  for  finite  aspect  ratio  effects  and 
end  plate  drag  using  corrections  derived  from  previous  drag  measurements  with  wake  traverse  tech- 


niques,  This  procedure  has  provided  estimates  of  wing  lift  and  drag  which  agroe  closely  with  large- 
scale,  complete  model  tests. 
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Recent  work  on  the  IBF  studied  blown,  slotted  flaps  as  a means  of  reducing  the  bleed  levels 
required  for  a given  lift  coefficient.  As  noted  in  the  REVIEW  OF  POWERED  HIGH  LIFT  SYSTEMS 
under  'Internally  Blown  Flap',  this  can  be  very  Important  when  conventional  engines  are  used  as  the 
source  of  blowing  air  for  their  thrust  loss  due  to  bleed  is  high.  Typical  slat,  wing  section,  blowing 
nozzle  locations  and  flap  systems  tested  are  shown  in  Figure  15.  The  model  was  blown  from  either  a 
single  slot  or  any  two  slots  as  desired. 

Some  results  of  tests  without  a slat  are  shown  in  Figure  16  which  gives  the  variation  of  maximum 
lift  coefficient  with  blowing  coefficient  and  nozzle  location.  The  flap  deflection  angle  shown  was  beyond 
the  value  giving  maximum  lift  with  blowing-off,  however,  in  the  event  of  BLC  failure  sufficient  lift  re- 
mains for  acceptable  aircraft  characteristics.  The  lift  performance  was  found  most  responsive  to 
blowing  from  the  shroud  tip  or  slightly  ahead  and  at  th  levels  of  blow  appropriate  to  conventional  en- 
gines (.02  < C^u.<  .04)  there  was  little  to  choose  between  nozzles  B and  D.  The  performance  of  a 
sealed  flap  is  included  for  comparison  and  it  is  seen  to  be  inferior  at  these  low  blowing  coefficients.  At 
the  blowing  coefficients  achievable  with  high  bypass  ratio  three  - stream  engines  ( . 08  <■  C^u  <■  . 1 2)  the 
blown,  sealed,  plain  flap  was  found  clearly  superior. 

Some  results  of  tests  on  the  same  wing  and  flap  system  with  slats  are  shown  in  Figure  17  which 
shows  the  variation  of  maximum  lift  with  blowing  coefficient.  The  figure  also  includes  comparative  data 
for  blown  single -slotted  flaps,  blown  sealed  flaps  and  a double -slotted  flap  with  a moving  vane  which 
allowed  very  large  flap  deflections.  At  zero  blowing  the  multi-slotted  n-ps  were  the  most  effective,  with 
the  moving  vane  type  giving  highest  values  (CLmax  — 5.  6).  To  put  these  values  in  perspective  we  find 
aircraft  maximum  lift  coefficients  in  lg  stall  are  usually  at  least  80%  of  the  two-dimensional  value,  so 
that  trimmed  aircraft  values  of  CLmax  ^ 4.0  should  be  achievable  with  such  flap  systems  on  unswept 
wrings.  Once  blowing  cleared  up  minor  flow  separations  on  the  multi-slotted  flaps  their  rate  of  growth  of 
lift  writh  thrust  wras  quite  low  in  comparison  with  the  sealed  and  single-slotted  flaps.  Thus  we  found  the 
blown  slotted  flaps  were  superior  for  .02  <■  Cu*.  04,  while  once  blowing  exceeded  about  C/»  = .08  the 
sealed  flaps  again  had  the  highest  performance. 

Clearly  the  engine  technology  available  will  decide  the  preferred  flap  system.  If  only  convention- 
al engines  are  available  for  blowing,  a highly  developed  mechanical  flap  system  without  any  blowing  could 
be  preferable  to  a blown  but  simpler  flap.  If  three-stream  turbofan  engines  are  available  then  the  blown, 
sealed  flap  could  be  competitive. 

Quasi  Two-Dimensional  Testing 

Quasi  two-dimensional  testing  of  powered  lift  configurations  can  provide  a simple,  low  cost 
means  of  evaluating  alternative  nozzle  locations,  nozzle  geometries  and  flap  systems.  It  has  been 
particularly  popular  in  Canada  and  two  other  papers  at  this  meeting  will  discuss  Quasi-2D  results  ob- 
tained by  other  Canadian  organizations.  Furthermore  if  reliable  methods  can  be  developed  for  predicting 
aircraft  aerodynamics  from  the  Quasi -2D  results,  considerable  savings  in  time  and  c st  could  be 
achieved  as  preliminary  work  could  use  Quasi-2D  models. 

The  Quasi-2D  model  used  in  our  tests  comprise  1 a two-dimensional  wing  and  flap  system  with  a 
single,  centrally  mounted  fan  jet  nacelle,  Figure  1 8.  Th»  vertical  and  chordwise  location  of  the  nozzle 
exit  could  be  varied  using  offset  and  extension  pieces.  Th^  nace'le  could  be  fitted  with  plain  circular 
nozzles  or  bifurcated  Pegasus-type  vectoring  nozzles  for  inve-Lgations  of  EBF  and  MF/VT  respectively. 
The  highest  nozzle  locations  tested  placed  the  jet  far  enough  below  the  wing  to  avoid  scrubbing  on  the 
lower  wing  surface  at  cruise  and  also  gave  negligible  impingement  on  the  flaps  at  take-off  deflections. 
Although  this  reduced  the  lift  increments  available  from  FB F e fects  it  was  felt  acceptable  due  to  the 
high  power-off  lift  performance. 

Typical  lift  results  for  the  EBF  with  . ible -slotted  flaps  and  a leading  edge  slat  are  summarized 
in  Figure  19  for  a representative  landing  configuration.  All  the  high  nozzle  layouts  tested  had  roughly 
similar  lift  performance,  although  the  high/ forward  location  was  marginally  better  in  terms  of  maximum 
lift  coefficient.  The  lift  with  twin  nozzles  was  not  found  significantly  better  than  single  nozzles  which  wat 
unexpected  as  they  impinged  upon  a greater  spanwise  extent  of  flap. 

Typical  Quasi-2D  lift  and  pitching  moment  values  for  an  MF/V1  using  vane  double -slotted  flaps 
and  leading  edge  slat  are  shown  in  Figure  20.  This  figure  shows  the  effect  of  vector  angle  on  maximum 
lift  coefficient  and  pitching  moment  at  zero  incidence  for  three  nozzle  locations  at  approximately  equal 
gross  thrust  coefficients.  At  zero  and  negative  jet  deflections  the  model  experienced  strong  EbF  effects 
due  to  jet  impingement  of  the  flaps.  As  jet  deflection  was  increased  there  was  a minimum  in  lift  and  pit- 
ching moments  at  about  thirty  degrees  deflection.  Beyond  this  deflection  angle  lift  increased  due  to  bene- 
ficial interference  and  at  about  90°  deflection  achieved  a maximum  value.  At  this  point  the  lift  incre- 
ment due  to  vectored  thrust  was  about  80%  of  the  increment  for  an  EBF  at  the  same  gross  thrust. 

Typical  deflection  angles  for  an  MF/VT  STOL  aircraft  are  about  60°  - 70°  and  at  these  deflections  the 
lift  increment  was  from  50  - 70%  of  the  EBF  values,  with  the  high-aft  locations  most  effective. 
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A*  jet  deflection*  were  increased  further  lift  collapsed  suddenly  at  about  110°  deflection.  Flow 
visualisation  Indicated  that  the  jet  had  penetrated  the  stagnation  streamline  at  the  nose  of  the  aerofoil  at 
which  point  the  jet  began  to  break  up  intermittently  with  some  chunks  passing  over  the  wing.  Although 
^hese  deflection  angles  were  beyond  STOL  requirement#,  this  problem  could  be  of  importance  for  VTOL 
aircraft  using  reversed  jets  for  in-flight  braking.  In  all  cases  tested  the  pitching  moments  of  the 
MF/VT  were  close  to  the  moment  of  the  vector  of  the  gross  thrust  about  the  moment  centre.  The  pitch- 
ing moments  of  the  MF/VT  with  aft  deflector  locations  were  found  no  greater  than  the  EBF  for  deflec- 
tion angles  suitable  for  STOL  (60°<S«<70°)  and  if  critical  they  could  be  reduced  using  more  forward  de- 
flector locations. 


A simple  procedure  was  developed  for  predicting  three-dimensional  wing  performance  from  the 
Quasi-2D  aerodynamics.  The  Quasi-2D  values  were  treated  as  sectional  data  and  input  into  a spanwise 
loading  calculation  based  on  Multhopp's  method.  Although  reservations  were  held  about  the  theoretical 
grounds  for  such  a method,  it  was  simple  to  apply  and  capable  of  further  elaboration  if  the  general 
trends  were  found  to  be  correct.  Results  of  such  calculations  are  shown  in  Figure  21  which  compares 
the  performance  of  EBF  and  MF/VT  with  a power-off  case.  It  is  of  interest  to  note  that  when  both  high 
lift  systems  are  constrained  to  the  same  approach  angle  and  gross  thrust  coefficient  the  approach  lift 
coefficients  are  almost  identical.  However  the  EBF  has  greater  incidence  and  'g'  margins  due  to  its 
increased  maximum  lift  coefficient  and  higher  stalling  angle. 

Three-Dimensional  Tests  of  IBF  Models 

Research  into  the  aerodynamics  of  IBF  aircraft  used  the  model  shown  in  Figure  22.  This  had  an 
unswept  wing  of  aspect  ratio  eight  with  full  span  blowing  and  a re.ractable  leading  edge  slat.  The  wing 
was  instrumented  for  measurements  of  spanwise  and  chcrdwise  pressure  distributions  and  the  flap / 
aileron  break  could  be  placed  at  any  of  three  spanwise  locations. 

During  the  course  of  flaps  up  tests  it  was  found  that  93%  of  the  measured  static  thrust  of  the  BLC 
was  recovered  while  in  addition,  blowing  c-nded  to  reduce  the  induced  drag  factor  slightly,  Figure  23. 
This  appears  to  offer  scope  for  blowing  systems  which  are  left  on  at  cruise  rather  than  exhausting 
through  separate  cruise  propulsion  nozzles.  The  resulting  simplifications  in  valving  and  ducting  could 
be  a worthwhile  trade  for  the  slight  loss  in  cruise  thrust  which  is  involved, 

Typical  lift  data  at  normal  IBF  levels  of  blow  (C/u.  =*  . 08)  and  at  a highly  overblown  condition 
( Cyu.  . 40)  are  shown  in  Figure  24.  The  stall  of  the  model  at  both  levels  of  blow  was  characterized  by  a 
gentle  lift  break  without  large  lift  losses  or  indication  of  wing  dropping.  Tests  on  large  scale  models  of 
the  Augmentor -Wing  with  a leading  edge  slat  have  also  shown  similar  stall  behaviour  to  the  IBF.  In  con- 
trast data  from  RAE  tests  of  the  Jet  Flap  which  did  not  have  a leading  edge  slat,  show  evidence  of  a 
sharp  lift  break  and  large  lift  losses  at  stall.  It  seems  that  the  slat  is  the  controlling  influence  and  pro- 
vided it  does  not  stall  first  it  can  maintain  acceptable  stall  characteristics  up  to  very  high  lift  coeffi- 
cients and  in  the  post  stall  region. 

- Three-Dimensional  Tests  of  EBF  and  MF/VT 


Three-dimensional  testing  or  EBF  and  MF/VT  concepts  used  the  model  shown  in  Figure  25.  This 
had  an  unswept  wing  of  aspect  ratio  eight,  vane  type  double-slotted  flaps  and  blown  ailerons  extending 
over  the  outboard  25%  of  span.  The  model  had  a retractable  leading  edge  slat  and  it  used  an  aerofoil 
suitable  for  cruise  at  0.72  Mach  number.  Multi-tube  ejectors  were  used  to  simulate  the  engine  intake 
and  exit  flows,  and  the  effective  bypass  rctio  was  about  six  to  one.  The  nacelles  could  be  fitted  with 
various  exit  nozzles  to  simulate  EBF,  thrust  vectoring  and  reverser  arrangements.  The  nacelles  had 
various  chordwise  and  spanwise  locations  relative  to  the  wing. 

Typical  results  for  an  EBF  with  landing  flap  deflection  (&F  = 55°)  and  nacelles  in  a high- 
forward  location  are  summarized  in  Figure  26.  The  values  predicted  from  Quasi -2D  tests  are  also 
shown  for  comparison.  Generally  agreement  was  found  to  be  good  on  lift,  although  at  low  thrusts  the 
3D  model  appeared  to  suffer  more  from  nacelle -wing  intorfc  enc  • than  the  Quasi-2D  tests  due  to  the 
relatively  larger  nacelle  size.  The  axial  force  coefficients  showed  almost  identical  trends  with  thrust 
increase  although  there  wan  a constant  displacement  of  &Cd  *=  . 1 between  them.  The  discrepancies 
in  axial  force  may  be  due  to  the  half  model  test  technique  and  the  large  model  dimensions  relative  to  the 
tunnel  cross-section.  Subsequent  complete  model  tests  in  larger  wind  tunnels  should  clarify  this  prob- 
lem. A comparison  of  pitching  moments  shows  measured  values  to  be  substantially  less  than  predictions, 
due  in  part  to  different  locations  of  the  moment  reference  centre. 

The  agreement  between  measured  and  predicted  aerodynamics  of  the  EBF  was  generally  good. 

T nis  indicates  that  for  preliminary  project  evaluation  purposes  predictions  based  on  Quasi-2D  data 
appear  adequate. 


Aerodynamic  Comparisons  of  H'oh  Lift  Systems 

The  influence  of  thrust  (or  blowing)  coefficient  on  maximum  lift  coefficient  is  shown  in  Figure  27 
for  examples  of  IBF,  EBF,  MF/VT  and  slipstream  deflection  based  on  models  tested  by  de  Havilland 
Canada.  All  of  these  models  had  leading  edge  slatu  and  they  were  tested  at  similar  Reynolds  numbers. 
The  figure  also  contains  values  for  the  Jet  Flap,  reference  24,  Augmentor-Wing,  reference  14,  USB, 
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reference  19,  end  a more  extreme  form  of  EBF  from  reference  25.  The  achievement  of  2000  ft  STOL 
performance  at  wing  loadings  of  70  - 7 5 lb / ft 2 requires  maximum  lift  coefficients  of  4.  5 -5.0  and 
the  following  comments  about  the  relative  performance  of  the  high  lift  systems  are  made  with  this 
target  in  mind. 

The  IBF  has  the  highest  performance  at  low  levels  of  blowing,  requiring  only  attachment  blowing 
(C,A  s»  . 07)  to  ‘chie*e  the  target  lift  coefficients.  At  higher  levels  of  blowing  {C ju  > .4)  the  IBF  results 
fair  into  the  Jet  Flap  values.  Thereafter  the  Jet  Flap  has  the  highest  lift  performance  although  the  lift 
coefficients  are  now  beyond  the  range  of  our  interest.  The  EBF  and  MF/VT  layouts  tes:ed  by  de  Havil- 
land  achieve  the  target  maximum  lift  coefficients  at  thrust  coefficients  about  0.  3 and  0.  55  respectively, 
which  are  about  half  the  thrust  levels  needed  by  more  extreme  EBF's  using  less  sophit  ticated  flaps. 

The  ability  to  generate  drag  restricts  the  amount  of  usable  thrust  in  a landing  approach.  Hence  a 
simple  comparison  of  CLmax  Is  insufficient  to  expose  the  merits  of  each  high  lift  system  and  ultimately 
a full  simulation  of  he  landing  is  desirable.  For  present  purposes  the  landing  approach  conditions  will 
be  used  as  a measure  of  the  potential  of  each  concept.  Such  a comparison  is  shown  in  Figure  28  which 
assumes  an  approach  angle  of  7 1/2°  and  a margin  of  35%  between  maximum  lift  coefficients  and  usable 
values  to  allow  for  margins  for  gusts,  trim  and  normal  acceleration  for  flaring  purposes.  Our  civil 
STOL  studies  in  support  of  DHC-7  indicate  that  operation  into  2000  ft  STOLports  is  feasible  at  an 
approach  speed  of  80  kts  provided  advanced  lift  spoiling  and  braking  systems  are  employed.  The  wing 
loading  scale  for  2000  ft  STOLport  operation  shown  on  the  right  hand  side  of  Figure  28  was  constructed 
using  this  approach  speed. 

The  EBF  arrangements  are  capable  of  operating  at  wing  loadings  of  70  - 75  lb/ ft2,  but  to  obtain 
higher  values  will  require  more  powerful  drag  producing  devices  or  the  use  of  shallower  approaches  so 
that  increased  thrust  can  be  used.  The  MF/VT's  can  operate  at  wing  loadings  of  75  - 80  lb/ft2  with  low 
deflection  angles  (60°  70°)  and  low  approach  thrust/ ,/eight  ratios  ( . 1 5<T/ W <.  20).  Operation  at 

higher  wing  loadings  with  MF/VT  simply  requires  increased  thrust  and  larger  deflection  angles;  values 
of  90  lb/ft2  can  be  obtained  using  80°  of  deflection  and  an  approach  T/W  of  0.  25.  This  probably  repre- 
sents an  upper  limit  on  wing  loading  for  the  MF/VT  as  the  approach  T/W  ratio  becomes  unduly  high 
relative  to  total  installed  values  and  engine  failure  will  become  critical.  The  IBF  blown  to  attachment 
levels  achieves  wing  loadings  of  75  lb/ft2  without  any  supplement  from  thrust  deflection.  If  thrust  de- 
flection is  used,  an  angle  about  85°  is  required  due  to  the  low  drag  of  the  IBF.  With  thrust  deflection 
and  attachment  blowing  the  IBF  can  achieve  wing  loadings  of  90  lb/ft2  using  approach  T/W's  about  0.  22. 
Alternatively  a highly  overblown  IBF  (Ca*.  23)  could  achieve  wing  loadings  of  90  lb/it2  without  needing 
any  supplement  from  thrust  vectoring. 

Pitching  moments  are  another  critical  aerodynamic  consideration  as  they  determine  the  trim- 
ming lift  loss,  tail  area  and  tail  lift  coefficient  requirements.  The  pitching  moments  at  5°  incidence  are 
shown  as  functions  of  blowing  coefficients  for  the  IBF,  MF/VT  am.  EBF  in  Figure  29.  At  thrust 
coefficients  co.reapondiag  to  a wing  loading  of  7 5 lb/ ft2  the  differences  between  the  pitching  moments 
of  each  type  are  quite  small,  hence  trim  lift  losses  will  be  similar.  A comparison  with  deflected  slip- 
stream shows  generally  similar  values  of  pitching  moments  so  that  tail  volumes  and  lift  coefficient 
requirements  should  be  similar  to  our  existing  propeller  driven  types.  Downwash  surveys  at  the  tail 
location  of  the  EBF  indicate  that  a moving  tailplane  will  be  needed  to  encompass  the  large  range  of  flow 
angles  (see  conference  paper  by  R.  H.  Wickens). 

Design  Study  Comparisons 

Aircraft  design  studies  play  an  essential  role  in  evaluating  new  high  lift  concepts.  They  are, 
nevertheless,  no  better  than  the  quality  of  their  basic  assumptions,  the  uniformity  of  their  aerodynamic 
data  base  and  the  degree  of  ingenuity  and  motivation  used  in  solving  critical  problem  areas.  An  interest- 
ing by-product  of  this  situation  are  the  weird  designs  which  sometimes  result  when  organizations  pro- 
moting one  type  of  high  lift  system  do  studies  of  competing  concepts.  Following  that  recital  of  reserva- 
tions about  design  studies  in  general  a brief  review  ','ollows  of  our  design  studies  of  aircraft  with  EBF, 
MF/VT  and  IBF/ VT  high  lift  systems. 

The  application  considered  was  for  a STOL  transport  aircraft  suitable  as  a turbofan  powered 
follow-on  to  the  DHC-7  and  the  Buffalo  tactical  transport.  The  design  mission  selected  was  to  carry  a 
payload  equivalent  to  forty-eight  passengers  over  a range  of  300  nm  cruising  at  0.7  Mach  number  at 
25,000  ft  with  full  IFR  reserves.  The  aircraft  were  sized  to  operate  from  2000  ft  STOLports  on  a 90°F 
day  at  sea  level  using  civil  operating  rules.  This  corresponds  approximately  to  a military  STOL  field 
size  of  1300  ft  in  standard  day  sea  level  jonditions  and  1700  ft  on  a 90°F  day  at  sea  level  conditions 
which  is  equivalent  to  the  Buffalo  performance. 

The  aerodynamics  of  the  EBF  were  estimated  from  Quasi-2D  data  as  discussed  previously.  The 
MF/VT  values  were  based  on  the  power  -off  values  for  the  EBF.  Subsequent  3-D  tests  showed  the  EBF 
aerodynamics  satisfactory  while  the  MF/VT  values  were  conservative  as  no  allowance  was  made  for 
beneE  cial  lift  interference.  The  aerodynamics  of  the  IBF/VT  were  derived  from  the  3-D  model  tests 
and  no  allowance  was  included  for  favourable  interference  between  the  wing  and  the  deflected  jets. 

The  powerplant  performance  of  the  EBF  and  MF/VT  were  based  on  turbofan  engines  of  six-to-ont 
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bypass  ratio  with  tans  of  1.5  pressure  ratio.  The  powerplant  performance  of  the  IBF/VT  was  based  on 
the  same  core  engine  cycle  and  fan  pressure  ratio  but  bypass  ratio  was  reduced  to  allow  for  permanent 
bleed  extraction  for  IBF  purposes.  The  engine  weights  and  performance  also  included  allowances  for 
sound  treatment  to  the  Intake  and  exit  duct  walls.  Although  this  installation  could  meet  FAR  36  noise 
levels  with  large  margins,  further  silencing  would  be  required  to  meet  the  civil  STOL  target  noise 
level  of  95  PNdB  at  500  ft.  Based  on  recent  NASA  funded  studies,  references  26  and  27,  it  appears  this 
target  noise  level  could  be  achieved  with  fans  of  pressure  ratio  about  1. 25  with  intake  r >d  exit  treatment 
of  the  kind  shown  in  Figure  30.  A noise  footprint  for  an  EBF  powered  by  such  engines  is  compared  with 
the  DHC-7  estimates  in  Figure  31. 

The  results  of  the  parametric  studies  are  summarized  in  Figure  32.  The  spread  of  designs 
shown  for  the  EBF  and  MF/VT  were  obtained  by  varying  the  sophistication  of  the  flaps  from  vane-type 
double-slotted  flaps  to  double-slotted  flaps  with  large  chord  extension.  The  IBF/VT  is  a point  design 
using  attachment  blowing  levels.  In  all  cases  the  engines  were  scaled  and  wing  loadings  selected  to 
minimize  take-off  gross  weight  consistent  with  the  mission  and  field  performance  requirements.  A 
typical  case  is  shown  in  Figure  33  for  an  EBF  configuration  with  vane -double -slotted  flaps  and  the 
corresponding  aircraft  layout  is  shown  in  Figure  34. 

Each  high  lift  system  optimized  at  cuite  different  wing  loadings,  although  the  spread  of  thrust/ 
weight  ratios  was  not  large.  The  EBF  with  vane -double -slotted  flaps  had  the  lightest  wing  loading, 

72  lb/ft^,  and  the  IBF/VT  the  highest  at  9?  Ib/ft2.  The  first  costs  of  the  aircraft  showed  little  spread 
(+  3%  about  the  mean)  as  savings  in  structure  weight  and  cost  were  usually  offset  by  increases  in  engine 
related  items.  Direct  operating  costs  for  the  IBF/VT  and  EBF  show  small  differences  (6%)  in  favour  of 
the  EBF  which  may  be  a significant  factor  for  airline  operations. 

The  design  studies  Indicated  that  all  the  high  lift  systems  were  technically  feasible  for  the 
mission  considered  and  c pable  of  exceeding  the  minimum  levels  of  wing  loading.  The  cost  differences 
found  are  sufficiently  small  that  external  requirements  are  expected  to  play  an  important  role  in  select- 
ing a preferred  high  lift  system.  Such  considerations  could  include  the  ability  to  use  existing  engines  or 
the  degree  of  modification  required  and  the  complexity  and  ease  of  maintenance  of  the  high  lift  system. 
These  remarks  are  probably  only  valid  for  civil  STOL  aircraft  below  about  70,000  lb  maximum  gross 
weight  and  military  aircraft  where  noise  is  not  a dominant  consideration.  In  the  case  of  larger,  civil 
STOL  aircraft  noise  has  a much  greater  impact  on  engine  choice  and  high  lift  system  requirements  and 
the  options  may  not  be  so  open. 

- Research  into  Flow  Prediction  Methods 

The  objective  of  this  research  was  to  develop  a method  using  digital  computers  to  predict  the 
flow  about  mutually  interfering  3 -dimensional  bodies  of  arbitrary  shape  at  subcritical  speeds.  The 
method  is  basically  similar  to  that  of  Rubbert  and  Saaris,  reference  29,  using  a combination  of  source 
panels  and  horseshoe  vortices  to  represent  the  shape  and  lift  effects. 

The  basis  of  the  method  is  to  find  a solution  to  Laplace' b equation  in  three  dimensions  which 
satisfies  the  boundary  conditions  that  on  the  body  the  flow  should  be  tangential  to  the  surface  and  at 
large  distances  away  it  should  tend  to  free  stream  velocity.  The  idealization  used  is  illustrated  in 
Figure  35,  The  body  surface  is  broken  into  small  quadrilateral  panels  each  with  uniform  source  density. 
In  the  wake  behind  the  body  there  are  trailing  vortices  whose  direction  is  related  empirically  to  the 
flap  deflection.  The  vortex  system  is  extended  within  the  body  with  the  chordwise  gradation  of  strength 
prescribed.  Application  of  the  boundary  conditions  then  leads  to  a system  of  integral  equations  which 
are  solved  numerically  to  give  the  strengths  of  the  singularities.  Once  these  are  known  it  is  a simple 
matter  to  calculate  surface  velocities  and  hence  pressure  coefficients  and  loads. 

An  interesting  application  of  this  method  was  the  prediction  of  loads  on  a wing  with  internally 
blown  flaps.  When  the  IBF  is  blown  to  attachment  levels  boundary  layer  effects  are  suppressed  and 
flow  about  the  wii.g  closely  approaches  the  potential  flow  situation.  During  research  into  the  IBF  concept, 
pressure  data  were  obtained  for  cases  with  the  wing  alone,  flaps  deflected  and  without  the  leading  edge 
slat,  so  selected  cases  were  modelled  using  the  potential  flow  program.  The  wing  was  modelled  using 
320  panels  and  eight  multi-horseshoe  vortices  per  side,  the  flap  deflection  angle  was  20°.  Some  experi- 
mentation was  needed  to  define  a suitable  chordwise  distribution  of  internal  vorticity  and  the  direction 
of  the  trailing  vortices,  although  overall  results  were  not  found  unduly  sensitive  to  these  parameters. 

The  spanwise  loadings  from  experiment  and  calculations  are  compared  in  Figure  36  and  typical 
chordwise  loadings  in  Figure  37.  The  agreement  between  the  measured  and  calculated  values  are  gener- 
ally good.  The  calculation  took  20  minutes  of  C.  P.U.  time  on  an  IBM  360,  which  compares  favourably 
with  values  quoted  elsewhere  for  problems  of  this  size,  see  Figure  38  and  reference  30. 

CONCLUDING  REMARKS 

The  research  program  described  is  very  broadly  based.  Its  general  objectives  are  directed  to- 
wards the  development  of  powered  high  lift  systems  for  future  turbofan  powered  STOL  transport  aircraft 
suitable  for  operation  inio  urban  airports  or  for  military  tactical  supply  roles.  These  applications  em- 
phasize the  need  for  quietness,  moderately  high  subsonic  cruise  speeds,  STOL  performance  and  steep 
gradient  capabilities. 
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It  app«ari  that  theae  qualities  can  be  provided  without  eubetantial  penalties  by  eeveral  powered 
high  lift  eyeteme  including  internally  blown  Ilape,  externally  blown  flap*  and  mechanical  flaps  combined 
with  vectored  thrust.  In  all  applications  high  bypass  ratio  powerplants  are  needed  to  ment  noise  require- 
ments. to  give  low  fuel  consumption  and  provide  the  high  ratio  of  static  to  cruise  thrust  needed  with 
STOL  aircraft.  Based  on  present  aerodynamic  data  there  is  little  to  choose  between  the  aforementioned 
high  lift  systems.  Greater  resolution  may  be  possible  using  Improved  aerodynamics  and  research  Is 
continuing  to  establish  a better  base  for  each  system.  At  this  time  it  appears  that  external  factors  such 
as  the  availability  of  suitable  engines  and  the  complexity  and  maintainability  of  the  high  lift  system  will 
be  powerful  influences  in  selecting  a preferred  high  lift  system. 
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SUmAKT 

Tha  objective  of  thl#  paper  la  to  dlacuaa  the  prediction  of  the  maximum  lift  of  jet-flap  configura- 
tions. This  objective  la  accomplished  in  three  parts,  aa  follow#: 

(1)  Based  on  tha  assumption  of  a leading-adg*  stall,  a theoretical  expression  Is  developed  for 
tha  two-dimensional  Increment  In  maximum  lift  due  to  blowing.  This  extends  previous  work 
and  Includes  additional  terns  compared  to  the  previously  published  work. 

(ii)  The  maximum  lift  of  flnlte-aepect-ratlo  jet-flapped  wings  Is  shown  to  be  a three-dimensional 
phenomenon.  Corrections  are  applied  to  the  tv o- dimensional  theory  to  develop  a procedure 
for  predicting  the  Increments  in  maximum  lift  due  to  blowing  on  flnlte-aepect-ratlo  wings 
with  jet  flaps.  This  procedure  shows  excellent  agreement  with  measured  results  on  various 
jet-flq>  concepts  Including  purs  jet  flaps,  inttrnally  blown  flaps,  externally  blown  flaps 
and  upper  surface  blown  flaps.  More  l^ortantly,  the  results  are  Independent  of  the  actual 
presence  of  a leading-edge  stall. 

(Ill)  The  effect  of  jet-flap  blowing  on  boundary  layer  separation  criteria  is  discussed.  Prelimi- 
nary results  indicate  that  the  well-known  Stratford  criterion  1*  equally  applicable  to  jet- 
flapped  configurations. 
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A 

®n 

Cj 

C1 

Cl 

S 

S. 

On 

G 

X 

a 


% 

A 
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e 
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Aspect  ratio 

Coefficients  In  a Fourier  series  (Equation  1) 
Momentum  flux  coefficient 
Two-dimensional  lift  coefficient 
Three-dimensional  lift  coefficient 
Pressure  coefficient 
Gross  thrust  coefficient 

Coefficients  in  a Fourier  series  (Equation  1) 
Leading-edge  pressure  gradient  parameter 
Part  span  flap  factor 
Reynolds  number 

Chordvise  distance,  fraction  of  chord 
Angle  of  attack,  rads. 

Pcwer-on  stall  angle  of  attack,  rads. 

Denotes  on  incremental  quantity 
Effective  jet  deflection  angle,  rads. 

Function  of  chordwlse  position,  x - sin2e 
Efficiency  factor 
Flap  chord  ratio 


Subscripts : 


max  Maximum 

« 0 Power-off  conditions 


a 


i j 


u 


Power-on  conditions 


Increment  In  two-dimensional  maximum  lift  due  to  slewing 
Increment  In  three-dimensional  maximum  lift  due  to  blowing 

Increment  In  three-dimensional  maximum  lift  due  to  blowing  on  full-span  flaps 


1.  INTRODUCTION 

In  aircraft  design  determination  of  lift  characteristics  Including  maximum  lift  is  required  on 
different  levels.  For  preliminary  design  d technique  is  desired  which  is  slsf>le  to  use.  For  detailed 
analysis  more  complexity  can  be  accepted,  usually  computerized.  In  this  paper  both  of  these  requirements 
are  considered  for  Jet-flap  configurations.  "Jet  flap"  la  used  as  a generic  term  to  cover  various 
powered-llft  concepts  which  use  a Jet  of  air  to  Increase  circulation  lift.  Some  of  these  concepts  are 
Illustrated  In  Figure  1. 

A theory  of  the  "Jet  flap"  was  Introduced  many  years  ago  and  many  attempts  have  been  made  to  Improve 
the  details.  This  potential  flew  theory  is  unable  to  represent  the  maximum  lift  of  Jet  flaps,  however, 
for  which  no  theory  presently  exists.  Maximum  lift  Is  a viscous  phenomenon,  therefore  calculation  of  the 
absolute  level  of  lift  requires  consideration  of  boundary  layer  separation  with  the  possible  Influences 
of  Jet-flap  blcwlng.  An  accepted  correlation  technique  Is  to  assume  that  stall  occurs  at  the  leading 
edge.  It  is  then  possible  to  relate  the  power-on  maximum  lift  to  the  power-off  value.  The  technique  used 
was  first  suggested  by  Foster  (Reference  1)  who  compared  the  loading  on  the  ooslc  unflapped,  unpowered 
airfoil  with  that  on  a Jet-flapped  airfoil.  Methods  are  available  to  predict  the  unpowered  lift  character- 
istics of  wings  with  leading-edge  and  trailing-edge  flaps,  It  is  felt,  therefore,  that  the  design  require- 
ment Is  for  methods  to  predict  the  effects  of  power  on  a given  configuration.  That  is  the  approach  taken 
by  the  present  author  in  this  paper  and  also  in  Reference  2.  The  result  given  in  Reference  2 for  externally 
blcwn  flap  configurations  Is  extended  in  this  paper  and  it  is  also  shown  to  apply  to  a variety  of  Jet-flap 
concepts . 

Spence's  basic  theory  for  Jet  flaps  is  a linear,  Bmall  perturbation  theory  (Reference  J) . It  is 
found,  hewever,  that  its  range  of  applicability  is  greater  than  might  be  expected.  In  the  present  paper 
Spence's  theory  is  assumed  to  apply  to  all  "Jet  flap’*  concepts.  The  governing  parameters  are  taken  to 
be  the  effective  trailing-edge  momentum  coefficient  and  the  effective  Jet  deflection  angle.  These  parameters 
are  defined  by  static  power-on  tests  which  give  the  direction  of  the  resultant  force  and  the  efficiency 
factor  (resultant  force/unit  thrust)  as  a function  of  flap  deflection.  The  effective  jet  deflection  angle 
is  then  given  by  the  direction  of  the  resultant  force;  the  effective  tralllng-edge  momentum  coefficient 
is  defined  as  the  efficiency  factor  times  the  gross  thrust  coefficient.  For  design  work  these  terms 
would  not  be  known  for  a new  configuration.  Correlations  of  some  typical  results  are  given  In  an  Appendix. 
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2.  TWO-DIMENSIONAL  THEORY 


The  development  herein  follcvs  that  of  Foster  (Reference  1)  except  that  no  Initial  approximations  are 
made  apart  from  the  ones  implicit  In  the  basic  jet-flap  theory.  Using  linear  theory  the  same  result  is 
obtained  considering  either  the  loading  or  the  pressure  gradient.  In  either  case  it  is  recognized  that 
there  are  additional  terms  due  to  airfoil  thickness,  canber,  etc.  These  terms  are  assumed  to  be  Independent 
of  jet-flap  blowing  and  do  not  affect  the  incremental  values. 


With  the  substitution  x - 
-ACp  - (ia  + cot 


sin2c  Spence  (Reference  3)  gives  the  loading  on  a Jet-flapped  airfoil  as 
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The  first  two  tern*, 
chordwise  station,  x,  gives 


present  the  power-off  loading.  Differentiating  these  terms  with  respect  to 
the  power-off  pressure  gradient. 
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Both  the  loading  and  the  pressure  gradient  are  infinite  at  the  leading  edge.  In  order  to  consider 
conditions  in  the  vicinity  of  the  leading  edge,  therefore,  a parameter  is  required  involving  pressure 
gradient  and  chordwise  distance  to  eliminate  this  singularity.  This  can  be  conveniently  taken  to  be 
sln3e  cos  c (—3^  such  that  a leading-edge  pressure  gradient  parameter,  G,  is  defined  as 
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Substituting  th#  expression  Cj  “ 2»a  + 44x  into  Equation  (3)  yields 
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It  la  sssiaad  that  atail  occur*  at  soma  particular  value  of  C,  l.a.,  Gmax,  auch  that 
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Proa  Equation  (1)  the  additional  preaaure  gradient  terms  due  to  power  are: 
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Differentiating  tern  by  term  with  reapect  to  x,  and  evaluating  the  leading-edge  preaaure  gradient 

paraaater  glvea 
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Adding  Equation*  (4)  and  (7)  the  full  leading-edge  preaaure  gradient  paraaeter  la  obtained  for  the 
power-on  condition*  in  terna  of  the  lift  coefficient  aa 


q w - 7^CX  - 2x«  - 3e  (oB0  + 6Do)  + \ (oB,  + dDj  )] 


Stall  la  again  aaauaed  to  occur  at  a particular  value  of  the  preaaure  gradient  paraaeter  and  at  th 
power-on  atail  angle  of  attack,  then 
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Since  it  la  aaauaed  that  power-on  stall  occur*  at  the  aaae  value  of  pressure  gradient  as  power-off  stall, 
then 
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Thus , 


ACl®ax  (V  ' (aSuBo  + 6Do)  - 2 (“S,®!  + {Dl) 
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Equation  (9)  Indicates  that  the  increment  In  maxima  lift  due  to  blowing  Is  a function  of  four 
Fourier  coefficients,  the  effective  Jet  flap  deflection  angle,  and  the  power-on  stall  angle  of  attack. 
It  Is  more  useful,  however,  to  relate  this  expression  to  the  power-off  stall  angle  of  attack.  The 
required  relationship  Is  obtained  from  the  Idealized  stall  characteristics  shown  In  Figure  2.  Thus 
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This  result  Is  now  substituted  Into  Equation  (9)  to  give  the  final  result 
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This  equation  may  be  compared  with  previous  work  (References  1 and  2)  which  neglected  all  Fourier 
coefficients  except  B0  and  DQ.  Reference  2 gave  the  result: 
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Thus,  the  exact  theoretical  expression  contains  two  additional  coefficients,  the  effect  of  which  is  to 
reduce  the  predicted  value  of  the  maximum  lift  Increment. 

Figure  3 shows  a comparison  of  values  predicted  using  the  approximate  Equation  (12)  with  measured 
values  from  Reference  4.  The  agreesient  is  poor  and  It  can  be  seen  that  the  theory  considerably 


undar-predlcts  th«  Manured  value*.  Qualitatively,  the  additional  term  In  Equation  (11)  reduce  the 
predicted  value*  by  approximately  15X  worsening  the  coigxrlaon  shewn  In  Figure  3.  Thus,  at  this  point 
there  Is  a theoretical  expression  based  on  a leading-edge  stall  which  shows  poor  agreement  with  experi- 
ment. In  practice,  also,  leading-edge  devices  would  probably  be  used  to  suppress  leading-edge  stall 
which  tends  to  violate  the  basic  assumption.  Two  alternatives  are  available  - to  attempt  an  empirical 
correlation  or  to  examine  different  theoretical  approaches.  A correlation  of  three-dimensional  results 
has  been  achieved  baaed  on  the  approximate  Equation  (12)  (Section  3).  Section  4 is  a very  preliminary 
consideration  of  a different  theoretical  approach. 

3.  THREE-DIKZRSIONAL  LIFT  COEFFICIENT 


The  application  of  the  two-dimensional  theory  to  three-dimensional  wings  is  subject  to  Interpreta- 
tion whether  the  full  or  the  approximate  expression  Is  used.  Reference  1 Implied  that  the  Increment 
In  three-dimensional  maximum  lift  is  equal  to  the  lncremnt  In  two-dimensional  maximum  lift,  a result 
which  assusKa  an  elliptical  life  distribution  with  the  two-dimensional  lncremnt  In  maximum  lift  being 
achieved  at  each  spanwlse  station,  and 


acCx«U  - Aci^x(q.) 


(13(a)) 


Reference  2 postulated  that,  at  least  for  externally  blown  flaps,  the  effect  of  power  Is  to  cause 
a departure  iron  an  elliptical  lift  distribution.  The  result  indicated  by  Equation  (13(a))  therefore 
cannot  be  achieved;  rather  It  requires  a correction  for  three-dimensional  effects  - a premise  now  used 
for  all  Jet-flap  concepts.  One  approach  could  be  an  esplrlcal  correlation  of  experimental  data  using  an 
assumed  form  of  correction  factor.  Reference  5 developed  a correction  for  three-dimensional  effects 
using  a lifting  line  theory  which  is  not  convenient  for  design  work.  Haskell  and  Spence  (Reference  6) 
developed  a factor  to  correct  two-dimensional  lift  for  finite  aspect  ratio,  assuming  an  elliptical  lift 
distribution.  As  a convenience,  this  factor  was  applied  to  the  increment  in  lift  at  a particular  power 
coefficient  by  the  present  author  (Reference  2)  and  this  approach  Is  continued  here.  The  three-dimensional 
Increment  In  maximum  lift  is  given  by 
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Using  Equation  (12)  Increments  in  maximum  lift  coefficient  predicted  by  both  Equations  (13(a)  and 
13(b)  were  coispared  with  measured  maximum  lift  Increments  for  rectangular  wings  of  different  aspect 
ratios  with  full-span  pure  Jet  flaps  (References  7 and  8).  Figure  4 Indicates  that  both  approaches 
significantly  underestimate  the  measured  increments.  There  Is  an  effect  of  aspect  ratio  on  the  measured 
Increments  in  maximum  lift,  Equation  13(b)  does  Indeed  collapse  values  for  different  aspect  ratios  close 
to  a straight  line.  This  result  is  supported  especially  by  the  results  for  the  configuration  with  endplates 
which  change  only  the  effective  aspect  ratio.  The  conclusion  is  that  the  increase  in  maximum  lift  due 
to  blowing  is  a three-dimensional  phenomenon  and  the  semi-empirical  correction  factor  of  Equation  13(b) 
adequately  represents  this  phenomenon  - at  least  for  aspect  ratios  greater  than  three. 

Contrary  to  "normal"  expectations  the  measured  results  show  considerably  higher  increments  in  maxi- 
mum lift  due  to  bitwing  than  are  predicted.  The  results  tend  to  collapse  the  total  results  to  a single 
straight  line,  however,  therefore  a simple  multiplier  can  thus  be  used  to  match  the  theoretical  values 
to  the  measured  results.  With  this  multiplier  the  empirical  expression  for  the  increment  in  three- 
dimensional  maximum  lift  coefficient  due  to  blowing  becomes 


A<>ax(V  * 5'5* 


BoaS„ 


1 + 


Dn4 


A + 0.637C 


iJr 


A + 2 + 0.604  yCj+  0.876  Cj 


(14) 


One  more  factor  to  be  accounted  for  is  the  effect  of  part-span  blowing,  which  includes  configura- 
tions with  discrete  blowing  such  as  externally  blown  flaps.  It  is  assumed  that  the  span  of  the  physical 
flap  is  the  governing  parameter,  which  is  accounted  for  using  the  unpowered  part-span  flap  factor  defined 
In  Reference  9,  and  reproduced  in  Appendix  A.  This  factor  is  further  assumed  to  apply  only  to  the  circula- 
tion portion  of  the  lift  and  not  to  the  direct  Lirust  component  which  is  Cj(a  + 6)  in  Spence's  theory. 

Thus  Equation  (14)  defines  the  lift  increment  for  a full-span  flap,  4Cl  (C^,),  and  the  increment  in  maxi- 
mum lift  for  the  part-span  flap  is  defined  by 


ACLmax(V  ‘ [ ACbmax(<^j)  “ CJ(aSc  + &)]  + CJ(oS0  + 5) 


(15) 


The  effect  of  this  part-span  flap  correction  is  illustrated  in  Figure  5 by  comparing  to  test  results 
from  both  externally  blown  flaps  (Reference  10)  and  pure  jet  flaps  (References  7 and  11).  This  figure 
demonstrates  that  Equation  (15)  provides  excellent  correlation  of  the  part-span  flap  effects  for  two 
seemingly  very  different  configurations.  Also  it  shews  excellent  agreement  with  the  magnitude  of  the 
maximum  lift  increments  produced  by  the  empirical  factor  Introduced  in  Equation  (14). 

In  Equation  (15),  the  power-on  stall  angle  of  attack,  ag  , should  be  used  and  the  last  term  should 
therefore  be  Cj  sin  (ag  + S)  to  remove  the  small  angle  approximation.  With  the  empiricismr  already 
Introduced,  hewever,  thU  approximations  used  to  develop  Equation  (15)  are  felt  to  be  justified. 

Equations  (14)  and  (15)  confclne  to  form  a unique  prediction  technique.  Figure  6 shows  the  results 
of  applying  this  technique  to  a variety  of  different  Jet-flap  concepts  (References  7,8,  10-16).  Excellent 
agreement  is  shown  between  the  predicted  and  measured  values,  demonstrating  the  effectiveness  of  the 
technique  in  predicting  the  increment  in  maximum  lift  coefficient  developed  by  pewered-lift  systems. 
Although  the  theory  is  based  on  the  assumption  of  a leading-edge  stall,  the  final  correlation  does  not 


depend  on  Chli  and  applies  Co  configuration*  both  with  or  without  leading-edge  devices.  The  final 
result  is  also  independent  of  sweep  angle. 


4.  INFLUENCE  OF  JET-FLAP  BLOWING  ON  BOUNDARY  LAYER  SEPARATION 

The  correlation  technique  that  haa  been  presented  is  adequate  for  preliminary  design  analysis.  A 
more  rigorous  analysis  of  Jet-flap  maximum  lift  characteristics  will  probably  require  consideration  of 
boundary  layer  separation.  A first  question  is  whether  the  separation  mechanism  is  affected  by  Jet-flap 
blowing  - addressed  by  considering  separation  criteria.  One  well-known  criterion  is  the  one  by 
Stratford  (Reference  17)  which  is  expressed  as 
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l.e.  , separation  is  present  when  the  left  hand  side  of  the  above  equation  is  equal  to  or  exceeds  0.39. 

Reference  4 presents  measured  pressure  distributions  at  a particular  angle  of  attack;  Stratford's 
criterion  has  been  assessed  for  these  distributions.  For  the  power-off  data,  the  left  hand  side  of 
Equation  (16)  is  always  less  than  0.39  indicating  that  there  should  be  no  separation.  This  is  confirmed 
by  the  lift  data.  For  the  power-on  data,  the  angle  of  attack  is  very  close  to  the  stall  angle  of  attack 
and  the  left  hand  side  of  Equation  (16)  exceeds  0.39  very  close  to  the  leading  edge,  thereby  indicating 
separated  flow.  The  existence  of  separation  before  maximum  lift  is  reached  is  also  in  qualitative  agree- 
ment with  the  description  of  stalling  characteristics  given  in  Reference  4.  Thus,  preliminary  results 
Indicate  the  possibility  of  using  conventional  separation  criteria  to  predict  the  boundary  layer  separa- 
tion rf  Jet  flap  configurations. 

5.  CONCLUSIONS 

A theoretical  expression  for  the  increment  in  maximum  lift  due  to  blowing  on  Jet-flapped  airfoils 
was  obtained  that  was  based  on  the  assumption  of  a leading-edge  stall.  Comparisons  with  measured  two- 
dimensional  results  show  poor  correlation.  For  practical  application  a three-dimensional  theory  is 
required,  therefore  with  suitable  corrections  for  finite-aspect-ratio  and  part-Bpan  flaps,  an  expression 
was  developed  for  the  three-dimensional  maximum  lift  increment  due  to  blowing  at  a constant  flap  deflec- 
tion. This  expression  shows  excellent  agreement  with  measured  results  for  pure  Jet  flaps,  internally 
blown  flaps,  externally  blown  flaps  and  upper  surface  blcwn  flaps.  The  results  are  also  independent 
of  the  actual  presence  of  a leading-edge  stall,  independent  of  the  sweep  angle  and  applicable  to  aspect 
ratios  greater  than  approximately  three. 

Preliminary  results  indicate  that  the  Stratford  criterion  for  boundary  layer  separation  is  also 
applicable  to  Jet-flapped  configurations.  It  is  assumed  that  this  approach  would  be  conbined  with 
sophisticated  techniques  for  computing  the  pressure  distribution. 
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FIGURE  1 SKETCH  OF  JET  FLAP  CONCEPTS 


FIGURE  3 INCREMENT  IN  TWO-DIMENSIONAL  MAXIMUM 
LIFT  DUE  TO  BLOWING 
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FIGURE  6 INCREMENT  IN  MAXIMUM  LIFT  DUE  TO  BLOWING 
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APPENDIX  A 


PARAMETERS  REQUIRED  TO  CALCULATE  MAXIMUM  LIFT 

The  prediction  method  presented  In  this  paper  contains  two  parameters,  the  efficiency  factor  and  the 
effective  Jet  deflection  angle,  which  are  functions  of  the  configuration.  Values  for  these  parameters 
would  not  be  known  for  a new  configuration.  For  completeness,  this  Appendix  presents  correlations  of 
measured  values  of  these  parameters  suitable  for  preliminary  design  work.  Figure  A.l  presents  typical 
values  of  the  efficiency  factor  for  each  of  the  powered  lift  concepts  under  consideration,  taken  from 
References  Al,  7,  8 and  16.  The  efficiency  factor  of  externally  blown  flap  and  upper-surface  blown  flap 
configurations  is  baaed  on  gross  engine  thrust.  For  pure  Jet  flap  and  internally  blown  flap  conf igurationa 

the  engine  air  is  ducted  through  the  wing,  with  resulting  losses.  The  efficiency  factor  of  the  pure  Jet 

flap  is  unity  baaed  on  the  momentum  flux  coefficient  available  at  the  wing  trailing  edge.  The  efficiency 
factor  of  the  internally  blown  flap  is  similarly  based  on  the  momentum  flux  coefficient  at  the  knee  of 
the  flap.  Figure  A. 2 presents  a correlation  of  effective  Jet  deflection  angle  for  externally  blown  flap 
configurations  (Reference  A.l).  For  practical  internally  blown  and  upper  surface  blown  flap  configurations 
the  effective  Jet  deflection  angle  can  be  taken  to  be  the  angle  of  the  upper  surface  of  the  flap. 

Other  required  parameters  are  published  in  the  literature  but  are  reproduced  here  for  convenience. 

Figure  A. 3 presents  Spence's  Fourier  coefficients  B0  and  D0  (Reference  3).  Figure  A. 4 presents  the  part 
span  flap  factor,  Kb,  Reference  9. 
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SUMMARY 


The  resu.'  ts  of  a comprehensive,  parametric  wind  tunnel  investigation  of  three  STOL  concepts; 
the  externally  blown  Jet  flap  (EBF),  internally  blown  Jet  flap  (IBF)  and  the  mechanical  flap/vectored 
thrust  (MF/VT)  are  presented.  Wind  tunnel  model  characteristics  are  shown  along  with  details  of  the 
high  lift  devices  tested. 


The  effect  of  engine  location  is  discussed  and  is  shown  to  be  the  dominant  factor  in  EBF 
and  MF/VT  powered  lift  performance.  Wing  sweep  and  aspect  ratio  effects  on  lifting  performance  are 
also  addressed. 


Performance  in  ground  effect  is  briefly  discussed,  utilizing  the  test  data  collected. 
Incremental  changes  in  the  lift,  drag  and  pitching  moment  characteristics  resulting  from  in-ground 
effect  operation  are  explained. 

Finally,  a comparison  of  the  aerodynamic  performance  of  the  three  powered  lift  systems  is 
made  and  future  research  topics  suggested. 
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Aspect  ratio,  b2/s 
Wing  span 
Wing  chord 
Drag  coefficient 

Thrust  coefficient 

Lift  coefficient 

Boundary  layer  control  momentum  coefficient 

Pitching  moment  coefficient 

Jet  engine  nozzle  diameter 

Double  slotted  flap 

Height  of  wing  above  ground  plane 

Wing  height  to  span  ratio 

Radius  of  Jet  plume  at  flap  trai' ing  edge 

Wing  area 

Single  slotted  flap 
Triple  slotted  flap 

Distance  flap  trailing  edge  extends  into  Jet  plume  perpendict  ar  to  engine  centerline 

Angle  of  attack 
Deflection  angle 
Leading  edge  deflection 

Flap  deflection 

Jet  deflection 

Effective  jet  turning  angle 
Quarter  chord  sweep 


INTRODUCTION 

In  planning  documents  issued  in  late  1969  and  early  1970  the  United  States  Air  Force  (USAF) 
Identified  the  mission  area  of  tactical  airlift  as  becoming  increasingly  critical.  Largely  due  to  the 
increased  attrition  rate  of  the  USAF  tactical  transport  inventory.  Tactical  Air  Command  (TAC)  had 
substantiated  requirements  for  new  transport  aircraft.  A portion  of  these  requirements  was  replacement 
of  C-123  and  C-7  aircraft  that,  for  various  reasons,  were  no  longer  available.  Additionally,  the 
workhorse  C-130  fleet  was  becoming  increasing  aged,  and  a future  replacement  for  this  aircraft  was 
required . 


The  principal  need  in  accomplishing  tactical  airlift  mission  responsibilities  is  the 
capability  to  provide  responsive  and  reliable  airlift  support  during  both  assault  and  logistic  operations. 
This  can  be  accomplished  under  the  widest  possible  set  of  conditions  by  having  a tactical  airlift 
capability  with  minimum  dependence  on  prepared  airfields.  A short  takeoff  and  landing  (STOL)  aircraft 
can  provide  this  operational  independence  and,  if  turbofan-configured,  can  provide  the  rapid  response 
(high  subsonic  cruise  speed)  desired. 
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With  these  requirements  In  mind,  the  Air  Force  Flight  Dynamics  Laboratory  (AFFDL)  began  the 
formulation  of  a technology  program  with  the  objective  of  obtaining  extensive  parametric  design  data  for 
the  most  promising  STOL  concepts.  For  many  years,  various  schemes  to  obtain  high  lift  coefficients  for 
takeoff  and  landing  operations  have  been  pursued.  The  objectives  of  these  programs,  for  the  moBt  part, 
have  been  to  explore  the  general  areas  of  performance  and  stability  and  control,  with  emphasis  on 
finding  solutions  to  configuration-oriented  problems,  with  the  result  that  the  overall  feasibility  of 
the  concept  has  proven  difficult  to  assess. 

By  1971  a number  of  high  lift  concepts  had  been  proposed  and  Investigated  to  some  extent,  as 
appropriate  for  incorporation  on  a Medium  STOL  Transport  (MST) . These  included  externally  blown  flaps 
(EBF),  internally  blown  flaps  (IBF),  mechanical  flaps  (MF),  mechanical  flaps  with  vectored  thrust  (MF/VT), 
deflected  slipstream,  direct  jet  or  fan  lift,  tilt  wing  and  boundary  layer  control  (BLC)  devices.  Of 
these  concepts,  the  tilt  wing  and  the  deflected  slipstream  were  configured  with  propellers  and  cross- 
shafting systems,  examples  being  the  Brequet  940  and  941,  the  Ling  Temco  Vought  XC-142,  the  Canadair 
CX-B4  and  the  Shin  Melwa  PS-1  (not  cross-shafted).  Due  to  a preference  for  turbofan  propulsion  and 
the  relatively  low  cruising  speeds  associated  with  propeller  concepts,  these  were  dropped  from  considera- 
tion as  candidates  for  the  future  USAF  MST.  An  analysis  of  the  state-of-the-art  and  of  the  relative 
progress  of  technology  in  the  area  of  purely  mechanical  high  lift  devices  Indicated  that  useable  lift 
coefficients  on  the  order  of  2.5  (maximum  lift  coefficients  of  about  4.0)  were  the  approximate  limit 
of  capability.  However,  if  the  mechanical  flap  is  combined  with  vectored  thrust,  the  useable  lift  can 
be  approximately  doubled.  Investigation  of  the  technological  status  of  the  IBF  concept  revealed  that 
considerable  effort  was  being  expended  on  the  augmentor  wing  (a  very  specific  type  of  IBF  system)  and 
that  in  view  of  the  limited  funds,  coupled  with  the  National  Aeronautic  and  Space  Administration's 
(NASA)  rather  extensive  augmentor  wing  program,  the  AFFDL  would  concentrate  on  non-augmentor  wing  IBF 
concepts.  The  three  concepts  that  were  finally  selected  for  generalized  analyses  as  having  the  highest 
potential  for  application  to  the  MST  were: 

1.  MF/VT  - This  system  has  normal  force  components  due  to  conventional  wing  lift  and  engine 
thrust  vectoring  independent  of  the  wing  lifting  system. 

2.  IBF  - This  system  has  normal  force  components  due  to  conventional  wing  lift,  vectored 
thrust  and  augmented  wing  lift  via  high  energy  blowing  over  the  extended  flap  through 
a duct  system  internal  to  the  wing. 

3.  EBF  - This  system  has  normal  force  components  due  to  conventional  wing  lift,  deflected 
thrust  and  augmented  wing  lift  via  high  energy  external  blowing  through  the  extended 
flap  system. 

It  should  also  be  pointed  out  that  since  this  concept  selection  was  made,  another  configura- 
tion holding  high  promise  has  surfaced,  i.e.,  upper  surface  blowing  (USB).  This  concept  is  actually 
another  variation  of  the  EBF  concept,  but  it  does  possess  significant  differences  which  require 
separate  investigation.  In  this  concept,  engine  exhaust  air  travels  over  the  upper  surface  of  the  wing 
until  turned,  in  a Coanda  fashion,  over  the  deflected  large  radius  flap.  The  concept  is  now  being 
employed  on  one  of  the  USAF  Advanced  Medium  STOL  Transport  (AMST)  prototypes,  but  it  was  not  generally 
known  in  1971  and  was  not  investigated  in  the  AFFDL  STOL  technology  program. 


The  STOL  Tactical  Aircraft  Investigation  (STAI)  program  initiated  by  the  AFFDL  in  mid-1971 
consisted  of  configuration  design  '’2’3>  prediction  technique  development 4 ’ 5 ’ 6 ’ 7 8 , establishment  of 
STOL  criteria,  wind  tunnel  testing® ’ 1 , ground-based  flight  simulation  and  flight  control  technology 
development . 


The  contracting  plan  for  the  program  was  that  each  of  the  three  concepts  would  be  investigated 
by  two  different  contractors.  This  allowed  for  better  coverage  of  each  concept  and  assisted  the  AFFDL 
in  tracking  the  overall  program.  The  contract  definition  phase  then  resulted  in  an  award  to  General 
Dynamics/Convair  (San  Diego)  to  investigate  all  three  concepts;  a contract  to  Boeing  to  investigate 
the  MF/VT  and  IBF;  and  a contract  to  Rockwell  International  (Los  Angeles  Aircraft  Division)  to 
investigate  the  EBF.  Since  the  purpose  of  this  paper  is  to  discuss  the  wind  tunnel  results  only, 
further  discussion  will  now  be  limited  to  that  area  of  the  AFFDL  STOL  technology  program. 


This  portion  of  the  overall  effort  involved  extensive  small  scale  wind  tunnel  tests  of  each 
selected  high  lift  concept.  Slightly  over  2300  hours  of  testing  was  conducted  In  three  facilities: 

728  hours  in  the  Boeing/Vertol  20  x 20  ft  V/STOL  wind  tunnel,  509  hours  in  the  Lockheed-Georgia  16  x 23 
ft  V/STOL  wind  tunnel  and  1087  hours  in  the  Convair/San  Diego  8 x 12  ft  low  speed  wind  tunnel.  The 
primary  objective  of  this  effort  was  to  extend  STOL  wind  tunnel  testing  into  new  areas  and  to  close  the 
gaps  in  existing  test  data  for  the  three  high  lift  concepts.  Caps  in  the  existing  data  and  areas 
requiring  new  testing  were  identified  through  development  of  the  design  compendium  and  the  baseline 
configuration  study  which  were  other  efforts  within  the  STOL  technology  program.  The  models  used  in 
the  wind  tunnel  tests  possessed  a high  degree  of  parametric  flexibility  which  allowed  significant 
variations  in  their  general  characteristics.  A typical  model  is  shown  in  Figure  1.  Parametric  data 
was  generated  in  sufficient  detail  to  allow  an  accurate  assessment  of  each  concept  to  be  made  for  a 
given  mission.  The  principal  parameters  varied  were: 


1.  Wing  sweep 

2.  Aspect  ratio 

3.  Trailing  edge  flaps  (span,  deflection,  slots,  etc.) 

4.  Leading  edge  devices  and  boundary  layer  control  (BLC) 

5.  Nacelle  location  and  multi-engine  nacelles 

6.  Thrust  coefficient 

7.  Asymmetric  thrust  and  engine  orientation 

8.  Tail  surfaces  or  downwash  rake  location 
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An  area  which  was  considered  to  be  Important  was  the  effect  of  close  proximity  to  the  ground 
on  the  aerodynamic  coefficients.  To  ensure  that  these  effects  were  accurately  accounted  for  It  was 
necessary  to  conduct  a portion  of  the  wind  tunnel  tests  In  ground  effect.  This  testing  was  conducted 
In  the  presence  of  a moving  belt  ground  plane  (in  the  Convair  and  Boelng/Vertol  tunnels). 

The  majority  of  the  data  present  -d  In  this  paper  was  collected  during  the  Convair  contracted 
effort.  This  data  was  chosen  for  present itlon  since  Convair  Investigated  all  three  high  lift  concepts 
and  hence  collected  the  most  consistent  set  of  data.  In  cases  where  Boeing  or  Rockwell  International 
data  Is  presented  it  will  be  carefully  noted. 

MODEL  CHARACTERISTICS 

Figure  2 is  a schematic  of  the  model  components  used  In  the  CD  test  program.  The  test  article 
Is  a 1/20-scale  model  of  a typical  150,000  lb  gross  weight  medium  STOL  transport  with  a wing  span  of 
70  inches.  An  air  carry-through  sting  mounting  fixture  was  used  to  support  the  model  in  the  upright 
position  for  free  air  testing  and  Inverted  for  ground  effect  studies;  the  latter  being  accomplished 
with  a moving  belt  ground  plane  that  was  lowered  from  above. 

Some  difficulties  were  experienced  In  constructing  a model  to  accommodate  the  wing  sweep 
range  (between  12.5  and  35  degrees),  and  retain  a good  wing/body  fairing.  Compromises  were  required 
In  this  area,  although  subsequent  testing  Indicated  the  fairings  used  did  not  result  in  any  significant 
regions  of  flow  separation.  For  the  purpose  of  data  reduction,  it  was  assumed  the  non-optimum  design 
affected  each  swept  wing  configuration  by  approximately  the  same  amount  and  no  specific  corrections 
were  applied.  However,  construction  of  a model  for  testing  at  one  sweep  with  an  optimized  wlng/body 
Joint  Bhould  result  in  some  improvement  in  lifting  performance. 

High  lift  devices  typical  of  those  tested  in  the  Convair  and  Boeing  programs  are  shown  in 
Figure  3.  The  Convair  test  matrix  was  the  most  comprehensive,  incorporating  alternate  single,  double, 
and  triple  slotted  flap  designs  with  segments  of  different  proportions,  and  unblown  and  blown  leading 
edge  devices  of  15  and  25  percent  chord,  Geometric  details  of  the  Convair  leading  edge  systems  are 
illustrated  in  Figure  4. 

The  alternate  Boeing  flap  system,  used  for  MF/VT  testing,  was  a 33  percent  chord  triple 
slotted  arrangement  similar  to  the  one  that  appears  on  that  Company's  727  commercial  aircraft.  The 
same  leading  edge  blowing  boundary  layer  control  device  was  used  in  both  IBF  and  MF/VT  testing.  It 
should  be  mentioned  here  that  the  use  of  identical  leading  edge  equipment  in  conjunction  with  flap 
systems  of  greatly  different  performance  potential  is  not  a recommended  practice.  Normally  leading 
edge  systems  are  specifically  tailored  to  match  flap  performance,  however,  the  number  of  geometric 
test  variables  already  included  in  the  STAI  program  wsb  of  such  magnitude  that  time  did  not  permit  a 
comprehensive  leading  edge  study.  For  this  reason,  leading  edge  testing  was  limited  to  blowing  rate 
and  flap  deflection  variations  in  the  Boeing  program. 

Engine  simulation  is  a subject  where  individual  test  organizations  differ  in  opinion.  Convair 
and  Rockwell  International  selected  ejector  type  engine  simulators  whereas  Boeing  chose  direct  internal 
ducting  of  air  to  the  jet  nozzle  as  shown  in  Figure  5.  Neither  type  accurately  models  full  scale  engine 
effects.  Ejector  engines  do  not  model  the  inlet  flow  field  properly,  producing  inaccuracies  in  ram 
drag  and  aerodynamic  interference  measurements.  The  closed  inlet  system  also  requires  data  correction 
for  aerodynamic  interference  and  an  analytical  estimation  of  ram  drag.  Accurate  simulation  of  both 
the  inlet  and  exit  flows  can  be  achieved  with  a model  fan  engine  of  correct  bypass  ratio,  but  such 
hardware  is  expensive  and  funds  were  not  included  in  the  program  for  the  purchase  of  this  equipment. 

Both  systems  have  be"”  used  successfully  in  previous  powered  lift  test  programs  and  proved  completely 
adequate  for  this  parametric  investigation. 

The  wind  tunnel  models  were  fitted  with  accurate  flow  measuring  devices  in  the  engines  and 
in  the  boundary  layer  control  devices  of  the  leading  and  trailing  edges.  Provisions  were  made  to  cut 
the  air  supply  to  individual  engines  simulators  for  engine-out  testing  without  model  disassembly. 

Because  of  the  importance  of  tall  sizing  in  powered-lift  aircraft  design,  measurements  were 
made  in  the  vicinity  of  the  horizontal  tail  using  specially  constructed  wake  rakes  (Figure  1).  Rakes 
on  the  Boeing  and  Convair  models  were  adjustable  in  all  three  planes. 

HIGH  LIFT  SYSTEM 

Leading  edge  devices  are  an  integral  part  of  the  overall  high  lift  system  selected  for  any 
aircraft.  Ingenlus  aerodynamic/mechanical  designs  in  this  area  have  produced  lift  improvements  of 
significant  proportions  in  recent  years.  An  example  of  this  is  the  variable-camber  leading  edge 
device  used  on  the  Boeing  747  which  increased  the  maximum  lift  coefficient  an  increment  of  0.3  above 
more  conventional  shaped  devices.  Additional  improvement  in  leading  edge  performance  is  promised  with 
the  implementation  of  blowing  boundary  layer  control  if  mechanical  and  air  delivery  problems  are 
successfully  resolved. 

Figure  6 illustrates  the  performance  characteristics  of  a 15  percent  chord  leading  edge  device 
with  and  without  blowing  boundary  layer  control.  In  this  particular  case,  the  BLC  system  produces  a 12 
percent  increase  in  maximum  lift  coefficient,  and  it  occurs  at  a higher  angle  of  attack  than  with  the  un- 
powered system.  Perhaps  more  importantly,  BLC  smoothes  the  stalling  characteristics,  a significant  factor 

in  STOL  operation.  The  test  data  shown  were  taken  with  the  Convair  model  equipped  with  the  leading  edge 

devices  of  Figure  4.  BLC  slot  width  varied  from  .007  inches  at  the  root  to  .003  inches  at  the  wing  tip. 

The  slot  was  continuous  with  no  spanwise  interruptions.  Figure  7 illustrates  what  happens  when  spanwise 
breaks  are  incorporated  into  the  model  to  simu’a'-e  actual  full  scale  vehicle  construction  breaks.  Slot 
breaks  of  .375  inches  built  into  the  Boeing  model  cause  thj  degradation  in  lifting  performance  shown  when 
compared  with  the  .04  inch  break  test  data  acquired  later  in  the  program.  These  findings  once  again 
illustrate  the  importance  of  duplicating  full  scale  airc  aft  characteristics  during  wind  tunnel  testing. 
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A comparison  of  single,  double  and  triple  slotted  flap  performance  for  the  EBF  configuration  is 
shovn  in  Figure  8.  These  data  were  obtained  with  engines  located  in  the  high  forward  position  operating 
at  a thrust  coefficient  of  2.0.  Examination  of  the  lift  levels  indicates  the  unsuitability  of  single 
slotted  flaps  for  externally  blown  flap  powered-lift  applications.  The  triple  slotted  versus  double  slotted 
flap  lift  increment  is  due  primarily  to  differences  in  extended  chord  length. 

PLANFORM  CHARACTERISTICS 

Sweep,  aspect  ratio  and  flap  span  effects  were  the  planform  characteristics  investigated  which 
produced  the  most  significant  impact  on  aerodynamic  performance.  Of  the  three,  wing  sweep  produces  the 
most  adverse  effect  on  lifting  performance.  Figure  9 Indicates  a maximum  lift  decrement  of  approximately 
10  percent  is  incurred  by  increasing  the  wing  sweep  from  12.5  to  35  degrees.  Also  affected  is  the  lift  curve 
slope  which  decreases  with  increasing  sweep.  Changes  in  aspect  ratio  do  not  produce  the  increment  in 
lifting  performance  found  with  sweep  variation  either  power-off  or  power-on.  In  fact,  varying  the  aspect 
ratio  10  percent  above  or  below  a nominal  value  of  eight  shows  only  a minor  impact  on  lifting  performance. 

The  influence  of  flap  span  on  lifting  performance  power-off  is  given  in  Figure  10.  Lift  loss 
due  to  aileron  span  varies  between  5 and  10  percent  depending  on  the  overall  lift  level.  Some  STOL 
transport  designs  being  studied  Incorporate  ailerons  with  lengths  greater  than  25  percent  of  the  wing 
span,  which  would  result  in  further  lift  loss.  To  counteract  these  performance  degradations,  aircraft 
designers  are  attempting  to  Incorporate  slotted  flaperon  lateral  control  systems  on  the  latest  STOL 
aircraft  designs.  Implementation  of  this  type  of  system  does,  however,  require  the  solution  of  some  rather 
complex  mechanization  problems. 

Review  of  the  planform  data  suggests  that  for  good  low  speed  performance  a medium  STOL  transport 
should  be  configured  with  a straight  wing  and  a full  span  flap  system  (flaperon  lateral  control).  The 
effect  of  low  sweep  on  cruise  performance  can  be  somewhat  alleviated  by  the  use  of  supercritical  airfoil 
sections  in  the  wing. 

Having  established  basic  lifting  system  performance  levels  and  planform  influences,  attention 
will  now  be  focused  on  pertinent  aerodynamic  test  results  related  to  powered-lift  configuration  selection. 

EXTERNALLY  BLOWN  FLAP  PERFORMANCE 

The  externally  blown  flap  powered-lift  concept  has  been  the  subject  of  many  aerodynamic  tests  in 
recent  years  and  is  considered  to  be  a prime  candidate  for  use  on  future  USAF  transport  aircraft.  In  fact, 
this  concept  is  being  applied  on  the  McDonnell  Douglas  advanced  medium  STOL  transport  prototype  presently 
being  developed  under  Air  Force  sponsorship. 

Aerodynamic  performance  of  the  EBF  concept  is  a function  of  turning  efficiency,  which  in  turn  is 
basically  a function  of  flap  geometry  and  engine  location.  Starting  with  a good  flap  design,  configured  to 
handle  high  velocity  engine  exhaust  flows,  the  major  parameter  the  designer  is  required  to  optimize  is 
engine  location.  During  the  optimization  process,  cruise  aerodynamics  and  thrust  reverser  operation  must 
also  receive  attention.  Before  proceeding  with  the  discussion  on  engine  location  and  wing  geometric 
effects,  a brief  comment  on  flap  system  development  is  necessary. 

Flap  development  was  not  a primary  subject  of  this  test  program.  Participants  were  asked  to 
select  representative  flap  systems  for  use  on  their  models  based  on  the  results  of  analysis  and  available 
test  data.  Both  Convair  and  Rockwell  International  tested  several  flap  designs  with  different  gap/overlap 
geometry.  The  testing  was  accomplished  during  the  first  days  of  tunnel  occupancy  to  determine  performance 
levels,  and  could  not  be  classified  as  optimization  since  flap  segment  geometries  were  not  altered. 

This  is  not  to  say  that  future  EBF  flap  research  is  unnecessary,  in  fact,  quite  the  contrary  is  true; 
additional  design  and  testing  will  result  in  better  flow  turning  characteristics  and  improved  efficiencies. 

It  should  be  noted  here  that  the  Convair  and  Rockwell  International  designs  have  demonstrated  turning 
efficiencies  comparable  to  the  better  externally  blown  flap  systems  for  which  test  data  are  available. 

The  primary  engine  location  factor  affecting  EBF  performance  is  position  in  the  chordwise/vertical 
plane.  Figure  11,  a composite  of  Convair  data,  shows  the  effect  of  varying  engine  position  in  this  plane. 
These  data  Indicate  fore  and  aft  movement  of  the  engine  produces  only  minor  changes  in  lifting  performance, 
while  vertical  position  dramatically  impacts  powered  lift  characteristics.  From  this  it  can  be  concluded 
that  the  effective  jet  turning  angle  is  directly  related  to  the  portion  of  jet  momentum  intercepted  by 
the  flap.  Rockwell  International,  in  the  course  of  their  analysis  development,  arrived  at  an  Interesting 
scheme  for  showing  this  relationship  (Figure  12). 

The  jet  turning  angle,  4> , is  the  effective  direction  at  which  the  jet  leaves  the  trailing  edge 
of  the  flap  system,  and  defines  the  direction  of  the  total  reaction  fore?  vector.  Using  wind  tunnel 
results,  it  is  possible  to  correlate  Jet  turning  angle  with  the  degree  of  flap  penetration  into  the  jet, 
and  arrive  at  a useable  engine  positioning  design  tool.  The  geometry  of  jet  impingement  is  shown  in  the 
aforementioned  figure.  In  this  particular  development,  the  effective  source  length,  2. 3D  , is  based  on 
a Jet  expansion  envelope  with  zero  velocity  at  the  edge  of  the  Jet  wake  profile.  Other  definitions,  such 
as,  one  percent  or  five  percent  of  the  maximum  jet  velocity  could  be  used,  if  necessary,  to  improve 
data  correlation.  The  design  curves  also  shown  in  Figure  12  represent  the  better  performance  data 
reviewed  by  Rockwell  International. 


Nearly  complete  Jet  turning  is  accomplished  with  a flap  Immersion  of  Zp/R  ■ 0.65  except  in 
cases  where  flow  separation  over  the  flap  is  present.  An  immersion  factor  of  0.65  requires  either  high 
forward  placement  of  the  engines  or  the  use  of  nozzle  deflectors.  By  the  same  token,  increasing  engine 
bypass  ratio  necessitates  extending  the  deflected  flap  chord  to  retain  the  same  immersion  ratio. 
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Spanwlse  location  of  englnea  on  an  EBF  design  Is  considerably  more  simplified  than  chordwlse 
positioning.  Test  data  Indicates  the  engines  should  be  placed  as  close  to  the  fuselage  as  la  practical 
without  neglecting  the  maintenance  of  good  cruise  performance.  This  produces  the  smallest  rolling 
moment  under  engine-out  operating  conditions.  A word  of  caution  obould  be  introduced  here  regarding  the 
use  of  Siamese  nacelle  arrangements  on  an  EBF  configuration.  The  nigh  Inboard  loading  of  the  wing  resulting 
from  the  close-to-fuselage  installation  of  dual  engines  In  a single  nacelle  produces  a vortex  flow  pattern 
In  the  vicinity  of  the  horizontal  tail  which  severely  limits  its  effectiveness.  Additional  testing  is 
required  to  determine  the  feasibility  of  the  Siamese  configuration. 

MECHANICAL  FLAP/VECTORED  THRUST 

The  mechanical  flap/vectored  thrust  powered  lift  concept  was  the  only  system  rested  which  did  not 
show  substantial  lift  augmentation  due  to  supercirculation.  Performance  of  this  system  is  predicated  on 
matching  a good  mechanical  high  lift  design  with  an  efficient  thrust  vectoring  nozzle  to  produce  a total 
system  capable  of  efficient  flow  turning  and  rapid  variation  of  lift  and  drag  forces. 

Figure  13  presents  data  showing  the  tail-off  performance  levels  achieved  with  the  Boeing  MF/VT 
design.  The  data  indicates  little  lift  or  drag  variation  with  engine  position,  but  a substantial  change 
in  pitching  moment.  A forward  engine  location  results  in  a balance  between  aerodynamic  and  thrust  forces 
producing  a favorable  longitudinal  trim  situation. 

"he  major  problem  encountered  with  forward  engine  positioning  was  adverse  aerodynamic  Interference. 
This  Interference  was  observed  to  decrease  lift  at  all  except  the  highest  angles  of  attack,  and  in  most 
Instances  Increase  drag.  The  probable  explantion  for  the  variation  of  interference  with  angle  of  attack 
is  flow  entrainment  by  the  jet  plumes.  The  entrained  flow  induces  downwash  at  the  trailing  edge,  which 
effectively  reduces  trailing  edge  flap  angle,  producing  the  observed  loss  in  lift  at  low  to  moderate 
angles  of  attack.  The  jet  flow  also  induces  a downward  velocity  at  the  leading  edge,  which  effectively 
reduces  the  local  angle  of  attack  felt  by  the  leading  edge  flap,  thereby  aggravating  the  undersurface 
separation  occurring  behind  the  flap  at  low  angles  of  attack.  The  net  effect  is  a loss  of  lift  and  an 
increase  in  parasite  drag.  As  the  angle  of  attack  increases,  the  jet  effect  tends  to  reduce  the  local 
angle  of  attack  at  the  leading  edge  delaying  separation  on  the  upper  surface  permitting  the  flow  to  remain 
attached  at  a higher  angle  (and  lift  coefficient)  than  achieved  power-off. 

Test  data  collected  show  that  optimum  chordwlse  engine  placement  is  not  nearly  as  well  defined 
as  it  was  for  EBF  designs,  suggesting  the  need  for  additional  testing. 

Engine-out  problems  encountered  with  this  concept  are  similar  to  those  for  EBF  systems.  To 
minimize  rolling  moment  difficulties,  engines  should  be  placed  as  close  to  the  fuselage  as  other 
considerations  allow.  Siamese  nacelles  were  found  to  aggravate  adverse  aerodynamic  interference  effects. 

INTERNALLY  BLOWN  FLAP 

The  Internally  blown  jet  flap  concept  has  been  the  subject  of  wind  tunnel  tests  for  many  years. 
However,  most  of  this  testing  was  conducted  on  configurations  where  all  of  the  engine  air  was  ducted  into 
the  wing  and  used  to  power  the  jet  flap.  In  a practical  airplane  application,  such  a configuration 
would  probably  be  less  efficient  than  a design  where  only  bypass  air  was  internally  ducted,  allowing  the 
hot  core  jet  to  exhaust  aft  or  be  deflected  for  additional  lift  or  glide  path  control.  This  latter 
configuration  was  investigated  in  the  STAI  program. 

The  low  speed  characteristics  of  a typical  Convair  IBF  design  are  shown  in  Figure  14.  These 
results  identify  the  IBF  as  the  superior  lifting  performer  of  the  three  lift  concepts  investigated.  However, 
large  pitching  moments  accompany  this  increased  lift  since  it  is  produced  well  aft  on  the  wing. 

Since  all  the  Convair  powered  lift  systems  were  tested  with  the  same  leading  edge  device  (which 
in  this  instance  was  designed  for  the  EBF  system),  it  can  be  realistically  assumed  that  additional 
maximum  lift  performance  should  be  obtainable  with  a leading  edge  system  that  is  configured  for  the  lift 
levels  of  the  IBF  system. 

Traditionally  the  performance  of  an  airplane  with  jet  flaps  has  been  computed  discounting  the 
residual  thrust  effects,  if  any,  on  the  jet  sheet.  For  engines  mounted  below  the  wing  this  consequence 
can  result  in  serious  errors  in  the  calculation  of  performance.  Residual  engine  exhaust  will  interact  with 
the  jet  sheet  and  reduce  its  effective  deflection  or  create  a partial  span  cutout. 

The  level  of  these  interference  effects  are  e.  direct  function  of  the  engine  thrust  coefficient.  Test 
results  show  overall  lift  being  degraded  as  much  as  10X  at  higher  engine  thrust  levels.  This  effect  on 
lifting  performance  is  of  sufficient  magnitude  to  force  the  consideration  of  alternate  IBF 
engine  placement  or  nozzle  deflection.  A configuration  under  serious  consideration  at  the  present  time, 
Incorporates  both  an  upper  surface  engine  location  and  a deflector  nozzle  at  the  flap  hinge  line. 

Engine-out  performance  of  the  IBF  concept  is  very  satisfactory  if  a cross-duccing  system  is 
utilized  to  uniformly  distribute  blowing  air  in  the  event  of  engine  failure.  The  large  englne-out 
rolling  moments  encountered  with  EBF  and  MF/VT  configurations  are  not  experienced  by  an  IBF  system 
designed  in  this  fashion. 

GROUND  EFFECTS 

The  first  indications  that  flight  in  close  proximity  to  the  ground  could  be  a significant  design 
consideration  came  in  the  early  days  of  aviation  where  the  main  concern  was  with  its  positive  effects. 

As  time  progressed  and  the  study  of  vertical  takeoff  and  landing  aircraft  became  reality,  attention  was 
directed  to  the  potentially  adverse  effect  of  operations  near  the  ground.  A great  deal  of  testing  and 
analysis  was  conducted  to  Increase  the  understanding  of  ground  effect,  and  such  terms  as  "suckdown," 
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"fountain  effect,”  and  entrainment  became  familiar  to  engineer*  working  In  the  area.  In  the  study  of 
STOL  aerodynamics,  however,  these  phenomena  are  complicated  by  the  fact  that  under  different  conditions, 
different  effects  result.  Under  one  set  of  circumstances , such  as  takeoff  flap  settings,  ground  effect 
produces  an  Increase  In  the  lift  coefficient  and  a decrease  In  drag,  while  in  the  landing  configuration 
the  same  aircraft  operating  at  higher  lift  levels  experiences  a loss  In  lift  when  operated  near  the 
ground.  Configuration  variables  of  the  concepts  being  tested  (engine  location,  flap  setting,  etc.)  pro- 
duce the  multiplicity  of  problems  that  were  encountered  In  VTOL  ground  effects  experiments. 

Figure  15  presents  selected  data  on  the  Convair  EBF  configuration,  both  power-off  and  power-on. 
At  lower  angles  of  attack,  the  in-ground  effect  lift  level  Is  greater  than  that  measured  In  free  air,  but 
the  lift  curve  slope  is  decreased.  As  the  aircraft  angle  of  attack  Increases,  the  ln-ground  effect  and 
free  air  lift  curves  cross,  resulting  In  reduced  lift  In  ground  effect.  Also,  the  ln-ground  effect  maxi- 
mum life  coefficient  Is  a significant  Increment  below  the  free  air  level  and  occurs  at  a lower  angle  of 
attack.  An  explanation  of  these  ground  effects  can  be  given  by  considering  the  velocities  Induced  by  the 
images  of  a bound  and  trailing  vortex  system. 

The  Image  trailing  vortices  reduce  the  downwash,  Increasing  angle  of  attack  and  lift  coefficient 
while  reducing  drng  coefficient.  The  Image  bound  vortex  Induces  a tailwind,  reducing  all  forces.  The 
latter  effect  is  proportional  to  the  lift  coefficient  squared,  and  is  usually  masked  by  the  angle  of 
attack  change  except  at  high  lift  coefficients.  As  the  lift  level  is  increased  the  tailwind  effect  be- 
comes predominant,  decreasing  lift. 

IBF  ln-ground  effect  data  exhibits  a trend  similar  to  the  EBF  characteristics  at  comparable 
lift  levels.  MF/VT  ground  effect  testing  produced  the  most  disconcerting  results.  At  thrust  deflections 
below  30  degrees,  in-ground  effect  performance  parallels  that  of  an  EBF  configuration  with  the  same 
geometric  characteristics.  However,  at  nozzle  angles  approaching  90  degrees,  some  of  the  engine  exhaust, 
after  impinging  on  the  ground,  Is  deflected  forward  of  the  aircraft  and  recirculated  by  the  lifting 
system.  At  thrust  deflection  settings  between  these  extremes,  thrust  level  has  a more  dominant  effect 
on  ground  effect  aerodynamics  than  In  the  case  of  the  EBF.  Because  of  these  Jet  entrainment  and  ground 
Impingement  effects,  further  ground  effect  testing  of  the  MF/VT  concept  Is  warranted. 

POWERED-LIFT  PERFORMANCE  COMPARISON 

Untrlmmed  drag  polars  for  the  three  powered-lift  concepts  studied  are  shown  in  Figure  16. 

These  data  were  taken  with  the  Convair  STOL  model  In  the  indicated  configuration. 

The  IBF  design  demonstrates  the  most  substantial  lift  augmentation  and  Is  the  most  efficient 
system  for  thrust  deflection.  The  MF/VT  design,  while  not  expected  to  produce  the  lift  augmentation  of 
the  other  concepts,  had  been  expected  to  show  superior  climb  capability  (i.e.,  to  have  a more  negative 
drag  coefficient  at  a given  lift  coefficient)  because  of  the  potentially  high  turning  efficiency  of  a 
vectored  nozzle.  This  turned  out  not  to  be  the  case,  and  MF/VT  results  were  quite  disappointing  due  to 
the  problem  of  Jet  induced  adverse  aerodynamic  interference. 

EBF  designs  produced  performance  levels  lying  in  the  middle  range,  with  a triple  slotted  flap 
configuration  showing  a slight  lift  superiority  at  60  degrees  flap  deflection. 

EBF  and  MF/VT  systems  both  generate  large  rolling  moments  in  engine-out  operation  and  require 
powerful  roll  control  devices  to  maintain  wings  level  flight.  The  IBF,  with  a good  cross-ducting  arrange- 
ment, does  not  experience  this  problem  and  for  the  same  reason  does  not  require  as  much  directional  con- 
trol power. 

Turning  for  a moment  to  the  design  studies,  which  were  an  important  part  of  the  overall  program, 
additional  points  pertinent  to  the  selection  of  a particular  powered-lift  system  will  be  discussed.  From 
a strictly  aerodynamic  point  of  view  the  characteristics  having  greatest  influence  on  STOL  transport 
design  are: 

-Useable  maximum  lift  coefficient.  This  parameter  determines  minimum  speed  for  a given  wing 

loading. 

-The  range  of  the  net  force  along  the  flight  path.  This  determines  the  maximum  climb  and 
descent  angles.  The  capability  to  modulate  this  force  for  path  angle  control  is  essential. 

The  firs t Item  can  be  somewhat  misleading  depending  on  mission  requirements,  and  in  particular 
the  takeoff  and  landing  ground  rules  that  are  specified.  For  example,  the  STAI  takeoff  specifications 
were  predicated  on  an  accelerate/stop  distance  of  2000  feet  at  an  altitude  of  2500  feet  and  a temperature 
of  93*F.  Under  these  conditions  the  aircraft  designs  were  takeoff  critical  and  the  driving  aerodynamic 
parameter  was  low  drag  at  takeoff  flap  settings.  This  led  to  designs  incorporating  double  slotted  flaps 
rather  than  the  more  complex  triple  slotted  configuration.  The  final  Convair  EBF  design  had  computed 
takeoff  and  landing  performance  respectively  of  2000  feet  and  1550  feet.  Admittedly,  the  landing  maneuver 
Is  the  more  difficult  of  the  two  to  accomplish  precisely,  and  future  flight  test  programs  may  demonstrate 
the  need  for  adding  an  additional  distance  penalty  to  account  for  flare  and  ground  effect  nonlinearities. 

The  Internally  blown  Jet  flap  design  exhibited  the  best  aerodynamic  efficiency  in  the  test  pro- 
gram, but  its  incorporation  resulted  in  heavier  weight  vehicles.  There  are  several  reasons  for  this 
occurrence,  the  most  Important  of  which  is  the  additional  weight  embodied  in  the  engine  installation  and 
internal/air  ducting  system. 

The  MF/VT  and  EBF  airplanes  had  comparable  gross  weights  depending  on  the  thrust  vectoring  sys- 
tem used.  A corollary  study  was  conducted  in  this  area  (11,  12)  and  several  interesting  designs  resulted. 
At  the  time  the  configuration  studies  were  completed,  It  was  recognized  that  thrust  deflector  nozzle 
weight  estimates  could  be  questioned,  and  as  a result  the  weight  of  the  MF/VT  propulsion  package  could 
vary  over  a wide  range. 
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CONCLUSIONS 

It  la  reasonable  to  conclude  that  acceptable  military  STOL  transports  could  be  developed  using 
any  one  of  the  subject  povered-lift  systems.  However,  there  are  aeveral  areas  where  additional  research 
and  development  would  produce  more  efficient  powered-llft  performance. 

Mechanical  Flap/Vectored  Thrust 

Further  definition  of  aerodynamic  Interference  effects  (wind  tunnel) 

Deflected  thrust  nozzle  development 

Externally  Blown  Flap 

Development  of  flap  shapes  with  Increased  turning  efficiencies 

Internally  Blown  Jet  Flap 

Internal  ducting  technology  development 
Air  distribution  system  configuration  research 
External  ducting 
Englne/flap  Integration 

Additional  ground  effect  testing  Is  needed  on  all  designs,  particularly  the  MF/VT.  Special 
emphasis  should  be  placed  on  dynamic  testing  where  the  model  Is  flown  Into  the  ground  plane  simulating 
actual  approach  conditions. 

Finally,  since  the  upper  surface  blowing  powered-llft  conrept  Is  receiving  both  commercial 
and  military  support,  a basic  study  to  define  the  aerodynamic  mechanism  responsible  for  the  turning  of 
thick  Jets  over  large  radius  convex  surfaces  is  needed. 
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Figure  13  - Chordvlse  and  Vertical  Engine  Location  Effects, 
Boeing  MFVT  Data,  AR  - 8,  A./*  ■ 15  Degrees, 
Triple  Slotted  Flap  (6  f » 35  Degrees),  Jet 
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Figure  14  - Convair  tBF  Performance  Data,  AR  - 8.0,  . A „ - 25  Degrees,  Plain  Blown  Flap  (6f  » 60  Degrees) 
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SUMMARY 


The  aerodynamic  characteristics  of  the  Externally -Blown  Jet  Flap  (EBP)  are 
presented  for  configurations  of  the  quaal-2-D  and  reflection-plane  type  respectively. 


Force  and  surface  pressure  measurements  have  shown  that  significant  lift 
Increments  can  be  realized  by  external  blowing,  and  that  the  spanwise  effect  of  this 
Increase  extends  outward  from  the  nacelle  location.  The  effective  stream  tube  dimension 
of  the  additional  lift  can  be  a significant  fraction  of  the  wing  span. 


The  relationship  between  the  quasl-2-D  and  3-D  polars  has  been  shown  to  result 
from  a rearward  rotation  of  these  forces  through  an  induced  incidence  Aai,  which  Is  due 
to  the  decrease  In  effective  aspect  ratio. 


Downstream  flow  surveys  have  shown  that  the  presence  of  mixed  regions  of  pro- 
pulsive and  vortex  flows  is  typical  of  the  EBF,  particularly  for  multl-englned  finite 
wing  configurations. 


Wake  measurements  downwind  of  a half-model  of  a multl-englned  aircraft  of  the 
EBF  type  have  shown  that  behind  each  half-wing,  there  are  two  trailing  vortices,  one 
from  the  wing  tip,  and  one  from  the  flap  tip.  The  propulsive  jet  sheet  rolls  up  around 
the  vortex  from  the  flap  tip. 


LIST  OF  SYMBOLS 


wing  aspect  ratio,  b2/S 
wing  span 

span  of  the  powered  lift  stream  tube 
chord  , f t . 

thrust  coefficient,  T/qtS 
lift  coefficient,  L/qtS 
drag  coefficient,  D/qtS 

sectional  normal  force  coefficient,  N^/qtC, 
sectional  lift  coefficient,  l/qtC 
pressure  coefficient,  p-p0/qt 
drag 

wing  efficiency  factor 
wake  total  pressure 

powered-lift  stream  tube  parameter 


1,  2,  3,  4 


static  or  surface  pressure 
tunnel  reference  static  pressure 
tunnel  dynamic  pressure 
thrust  recovery  factor 
wing  reference  area 


thrust 


tunnel  velocity 

wake  downwash  velocity  (positive  in  positive  lift  direction) 


wake  sldewash  velocity  (positive  when  directed  along  port  sem-span, 
looking  upstream) 


wing  reference  dimensions 
angle  of  attack 

wake  sldewash  angle,  measured  at  flap  trailing  edge  (but  in  a plane  parallel 


to  deflected  flap  element) 


MPT 


6f  flap  angle 

c wake  downwaah  angle 

8 Jet  downwaah  angle 

SUBSCRIPTS 

w refers  to  wing  forces  only 

T refers  to  total  forces 

2D,  3D  refers  to  quasl-2-D  and  half-model  configurations  respectively 


1.0  INTRODUCTION 

Current  generations  of  Jet  transport  aircraft  operate  on  the  approach  at 
speeds  In  the  range  of  130  - ISO  knots,  and  use  airfields  of  8 - 12,000  feet  In  length. 
The  proposed  development  of  STOL  transports  assumes  landing  fields  2000  - 3000  feet  In 
length,  and  approach  speeds  of  about  half  the  above  figure.  In  order  to  achieve  compa- 
rable ride  comfort,  the  wing  loading,  and  hence  and  ^LBax  mu8t  higher  than  is 

currently  possible  with  conventional  passive  high  lift  systems^). 

It  is  clear  that  some  form  of  powered  lift  must  be  used  to  achieve  this 
performance,  and  current  Interest  at  the  N.A.E.  centres  on  the  turbo-fan  powered 
transport  using  the  externally-blown  Jet  flap  (EBF).  In  this  concept,  the  entire  engine 
and  fan  flow  Impinges  onto  highly  deflected,  slotted  flaps.  This  flow,  at  a total  head 
higher  than  the  ambient  fluid,  is  directed  downward,  and  spreads  In  a spanwlse  manner, 
thus  generating  supercirculation  and  increased  lift. 

The  EBF  Is  one  of  the  major  classifications  of  blown  flaps,  and  Its  relatively 
simple  external  configuration  la  considered  to  be  an  alternative  to  the  complexities  and 
weight  penalties  which  may  characterise  Jet  flap  or  eugmentor  wing  concepts.  The  moat 
serious  disadvantage  of  the  EBF,  however,  is  Its  low  thrust  recovery,  a factor  crucial 
In  datarmlnlng  englna-out  climb  performance,  and  also  the  rolling  moments  Induced  by  an 
asymmetric  loss  of  lift  caused  by  an  engine  failure. 

Much  work  has  been  done  on  complete  aircraft  configurations  (Ref.  (2)  to  (5)); 
however,  it  was  the  aim  of  the  experimental  program  at  the  N.A.E.  to  explore  the  effects 
of  a single  Jet  Impinging  onto  a t wo-d lme j s Iona  1 wing  with  slotted  flaps,  In  isolation 
from  the  fuselage  or  other  airframe  components.  It  was  also  hoped  by  testing  in  the 
half-model  configuration,  to  be  able  to  assess  the  effects  of  a change  of  aspect  ratio. 

It  is  commonly  known  that  the  wake  downwind  of  an  EBF  is  characterized  by 
concentrations  of  trailing  vorticity,  caused  by  non-uniform  span  loading,  and  rolling-up 
of  the  jet  sheet.  The  downwaah  induced  at  a tallplane  location  will  have  a serious 
effect  on  its  design  and  ultimate  location,  and  under  asymmetric  flight  conditions, 
these  flows  may  seriously  affect  the  aircraft  stability  and  control. 

Flow  surveys,  made  downwind  of  the  N.A.E.  model  and  also  behind  a multi-engined 
EBF  transport  model,  have  shown  that  the  wake  flow  has  both  propulsive  and  vortical 
components,  and  that  downwaah  and  sldewash  velocities  of  considerable  magnitude  exist. 

2.0  DESCRIPTION  OF  MODELS  AND  TEST 

The  wind  tunnel  model,  a quasi-t wo-d lmens Iona  1 configuration,  was  mounted  in 
the  6 ft.  x 9 ft.  horizontal  tunnel,  as  shown  in  Figure  1.  The  basic  wing  profile  was 
the  NACA  63A418  with  a vane  and  slotted  flap  assembly  fitted.  The  flap  could  be  posi- 
tioned to  either  30°  or  68°,  with  the  vane  location  set  to  give  the  highest  CL  . The 
basic  wing  span  was  73.88  in.  (1.877  m)  and  the  chord  was  25  in.  (.635  m) . 

The  simulated  Jet  engine  was  of  the  ejector  type  in  which  a primary  flow 
Issues  from  nozzles  placed  internally.  The  nacelle  exit  diameter  was  5 in.,  and  the 
average  Jet  velocity  was  about  600  ft/sec. 

The  nacelle,  inclined  10°  downward  relative  to  the  wing  chord  line,  was  not  on 
the  balance,  but  rotated  with  the  wing.  Thrust  was  measured  from  a prior  calibration 
and  was  maintained  constant  during  the  test.  Cy  was  varied  by  changing  tunnel  flow  so 
that  wing  Reynolds  number  also  varied  (.87  x 106  to  1.74  * 10“).  The  greatest  lift  was 
obtained  with  the  nacelle  positioned  near  the  leading  edge,  and  with  a flow  deflectot 
installed.  This  device,  indicated  schematically  in  Figure  1 enabled  the  engine  exhaust 
to  be  directed  more  effectively  onto  the  wing  and  flap  under-surface,  and  provided  a 
definite  improvement  in  lifting  performance. 

The  wing  was  also  tested  in  the  half-model  configuration  in  the  30  ft.  * 30  ft. 
V/STOL  wind  tunnel.  In  this  installation  the  wing  and  end  plate  were  raised  above  the 
floor  boundary  layer  to  minimize  flow  disturbances,  and  a simple  wing  tip  was  fitted 
(Figure  1).  The  aspect  ratio  of  the  half-wing  was  5.91. 

The  wind  tunnel  investigation  included  force  and  surface  pressure  measurements 
(quasi-2-D  only)  and  also  wake  flow  surveys  at  a downstream  location  3 chords  behind  the 
wing  . 
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Flow  surveys  were  also  atda.  Jointly  with  DeHavllland  of  Canada,  in  the  flow 
at  the  tallplane  location  of  a mu 1 t 1-eng lned  EBF  transport  model.  Reference  6 describee 
the  wind  tunnel  Installation  of  this  model,  and  the  traversing  rake  of  five-hole  probes 
which  is  located  downwind. 


The  flow  probes  were  of  a standard  design,  constructed  of  small-bore  stainless 
tubing,  with  heads  machined  to  an  Included  angle  of  90°.  The  calibration  and  data 
reduction  procedure  Is  similar  to  that  of  reference  7 and  enables  the  determination  of 
Induced  velocities,  total  head,  and  flow  direction,  relative  to  the  probe  axis. 

3.0  WIND  TUNNEL  FORCE  MEASUREMENTS 

The  data  presented  In  this  section  were  taken  from  both  the  6 ft.  x 9 ft.  and 
30  ft.  x 30  ft.  wind  tunnels,  so  that  it  will  be  possible  to  compare  and  analyze  the 
quasi-2-D  data  with  half-model  data  respectively. 

Since  the  powered  nacelle  was  not  on  the  balance,  the  basic  model  reactions 
were  "wing  forces",  i.e.  Lw,  Dw,  Mw.  "Total  forces",  i.e.  Lf,  Di  and  Mi  were  computed 
by  adding  on  the  appropriate  nacelle  force  Increments  which  had  been  determined  In  a 
separate  test.  The  data  were  i"icor rec ted . 

3.1  EBF  Lift  Coefficients 


The  lifting  characteristics  of  the  externally  blown  flap  model  in  both  the  2-D 
and  half-model  configurations  are  shown  In  Figures  2 and  3 for  6p  - 30°  and  68°  respec- 
tively (Total  forces,  Clt  vs.  aw) , and  for  different  values  of  Cy . 


The  main  effect  of  external  blowing  was  to  Increase  lift  and  CL 
while  producing  minor  changes  In  lift  slope.  max 


significantly 


The  lift  Increments  produced  were  found  to  be  quite  sensitive  to  nacelle 
location,  and  the  largest  Increment  was  obtained  with  the  nacelle  positioned  near  the 
leading  edge  and  with  a flow  deflector  Installed.  This  device,  Indicated  schematically 
In  Figure  1 enables  the  engine  exhaust  to  be  directed  more  effectively  onto  the  wing  and 
flap  undersurfaces,  and  provided  a definite  improvement  In  lifting  performance. 


The  effects  of  the  finite  wing  span  of  the  half-model  configuration  are  evident, 
from  a comparison  of  the  2-D  and  half-model  lift  curves.  The  lift  curve  slope  has 
decreased  for  tne  3-D  model  and  corresponds  approximately  to  a rotation  of  the  lift  curve 
about  orL-  The  lift  increment  AClt  is  also  significantly  reduced  (about  20X). 

Total  force  polars,  CDt  vs.  CL  are  presented  In  Figure  4 to  Sp  » 68°.  These 
demonstrate  the  effects  of  blowing  and  finite  span  upon  EBF  characteristics.  Thrust 
recovery,  an  important  factor  in  the  comparison  of  the  various  powered-lift  schemes,  Is 
estimated  to  be  about  0.65.  The  Increased  curvature  of  the  3-D  force  polars  are  due  to 
the  three-dimensional  effects  of  the  finite  span  half-model  with  Its  smaller  effective 
aspect  ratio. 

3.2  Wing  Force  Polars 

Drag  polars,  composed  of  wing  forces  only,  (i.e.  vs.  Cpw)  are  plotted  In 

Figures  5 and  6 for  the  two  flap  angles,  and  for  both  2-D  and  half-model  configurations. 

It  seems  fairly  clear  from  these  graphs  that  the  data  for  all  C^'s  tends  to 
collapse  upon  a single  polar  curve.  This  is  particularly  true  for  the  30°  flap  case 
(3-D)  In  the  range  2 < < 4.  In  the  68°  case  (3-D)  the  data  tend  to  collapse  at 

small  blowing  values,  although  individual  values  of  Cw  are  Identifiable,  and  the  collapse 
Is  less  perfect.  The  2-D  data  behave  in  a similar  way  except  that  the  polar  curve  is 
less  steep. 

It  appears,  then,  that  the  EBF  wing  forces  behave  in  a manner  similar  to  an 
unpowered  finite  wing  in  that  the  drag  polar  Is  represented  approximately  by  the  relation 


and  ic  Is  possible  to  fit  such  a curve  through  the  data  In  all  four  cases  shown  here. 

The  value  of  e,  or  eAR  varies,  but  can  be  inferred  from  the  slopes  of  the  ((dCp  )/(dCi^2)) 
relationship  for  the  various  model  flow  conditions.  Quantities  e3p  and  (eA  )2d  80 
determined  are  plotted  in  Figure  7 where  It  can  be  seen  that  the  effect  of  blowing  (and 
hence  spanwlse  non-uniformity  of  load)  changes  the  effective  aspect  ratio  of  the  2-D  wing 
greatly,  but  that  of  the  3-D  wing  very  little.  Polar  curves  calculated  from  eq  (1),  and 
using  values  of  e or  eA  in  Figure  7 are  noted  in  Figures  5 and  6. 


3.3  Aspect  Ratio  Correction  to  Drag  Polars 


The  experimental  data  has  suggested  that  In  terms  of  wing  forces,  the  EBF  drag 
polars  can  be  represented  by  the  unpowered  drag  polar  of  a wing  having  a certain  effective 
aspect  ratio. 


I 
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It  should  therefor*  also  be  possible,  when  considering  the  observed  differences 
bstwsen  two-  and  three-dimensional  polara,  to  apply  the  saae  rules  to  the  powered  lift 
systea  as  to  the  unpowered  syatea.  Thus  the  drag  polara  of  Figures  5 and  6 (Clw  vs.  Cp  ) 
can  be  considered.  In  the  three-dimensional  case,  to  have  been  affected  by  an  Induced 
Incidence  Aa^  which  la  due  to  the  change  In  effective  aspect  ratio  from  quasi  2D  to  3D. 


^1  . 57*3  Ll 1_1 

CL  n [eAj  «A2J 


This  quantity  has  been  determined  from  the  values  of  equivalent  aspect  ratio  shown  In 
Figure  7,  and  was  found  to  have  a value  of  approximately  3.0  for  both  the  30°  and  68° 
flap  settings.  This  value  was  confirmed  by  observations  of  the  shift  In  the  vs.  av 

curves,  although  the  agreement  was  not  good  for  the  higher  blowing  coefficients  at 
ip  ■ 68°.  The  transformation  of  total  force  data  from  quasi  2D  to  3D  Is  as  follows: 

C,  • C.  CosAa,  - Cn  SinAa,  (1 

“ rj«  “si  *■  " >p  1 

t3  t2  t2 

Cn  - C_  CosAa.  + C.  SinAa.  (4 

"3  t2  T 2 

Graphs  showing  a comparison  of  experimental  and  transferred  data  are  shown  In  Figure  8 
for  ip  - 30°  and  68°.  For  the  higher  flap  angle  case,  a value  of  (Aoi)/(Clw)  - 2.3, 
taken  from  the  shift  In  the  Cl  vs.  aw  curves,  was  found  to  give  the  correct  traoLfor- 
■atlon . 

3,4  An  Analogy  with  the  Jet  Flap 

It  would  be  worthwhile,  at  thlB  point,  to  Introduce  a momentum  model  for 
powered  lift  which,  In  Its  simplest  form,  is  Identical  to  the  jet  flap  equation  of 
Spence  and  Markell. 

The  vector  diagram  of  this  model  is  illustrated  In  Sketch  1 below. 


\ 

\ 

A 
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SKETCH  ( i) 


The  vector  0A  Is  the  dimensionless  approaching  stream  tube  momentum  of  magnitude  —A , 

TT  b ^ * 

having  a flow  area  of  ^ . If  the  wing  is  unpowered,  then  the  departing  momentum  Is  also 

■jA,  but  leaves  the  wing  at  downwash  angle  e.  When  power  Is  applied  uniformly  over  the 

full  span  as  In  the  Jet  flap  or  augmentor-wlng , then  the  thrust  vector  T Is  simply  added 
to  the  departing  wing  momentum  and  it  Is  assumed  that  the  wing  downwash  angle  e la  tbe 
same  as  the  thrust  deflection  angle  6. 

If  power  is  applied  over  part  of  the  wing  span  only,  (and  thus  at  a different 
local  downwash  angle)  it  Is  assumed  that  a certain  fraction  of  the  departing  momentum 

KjA  leaves  the  wing  at  the  Jet  downwash  angle  8,  while  the  remainder,  (l-K)yA,  leaves  at 

the  angle  e.  The  effective  span  of  the  powered  lift  stream  tube  is  thus  proportional  to 
the  factor  K. 


R Is  the  resultant  total  force,  having  wind  axis  components  and  Cpy . These 

components  may  be  obtained  from  the  vector  diagram  as  follows 


: - (l-K)-p-  Sine  + 

LT  2 


(°u  * tt)‘ 
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CD  " CD  ‘ (cu  + ^CoiB  + ^[l-(l-K)Coae]  (6) 

T o ' v ' 

If  the  reactive  components  are  aubtracted  from  the  total  force,  then  expressions  for 
wing  forcea  are: 


CL  " + KSin0]  (7) 

w 

CD  ’ CD  + f^-U-KK086  - KCoa0  ] (8) 

w o 


If  we  conalder  the  unpowered  wing  (K  - 0,  c • 6)  and  full  apan  power  effecta  (K  - 1, 
e ■ 0),  reapectlvely , then  it  can  be  ahovn  that  eqa  (7) end  (8) will , for  each  caae,  reduce 
to  the  alaple  polar  equation  for  induced  drag  aa  given  by  eq  (1). 


1 


. e . 


(9) 


Thua  it  aeeaa,  that  in  terma  of  wing  forces  even  a complex  device  such  aa  a jet  flap 
behaves  in  a manner  similar  to  an  unpowered  wing  of  the  same  aspect  ratio  except  that, 
due  to  auperclrculatlon  effecta,  it  is  now  capable  of  achieving  much  higher  levels  of 
lift  and  drag  than  its  unpowered  counterpart. 

3.5  Wing  Efficiency  Factor 


For  values  of  K between  0 and  1,  to  which  the  EBF  or  any  part-apan  blowing 
concept  is  assumed  to  be  appropriate,  the  relationship  between  and  Cq^.  or  Cj,w  and  Cqh 
will  be  different.  In  fact  the  distance  OD  in  the  sketch  will  have  a shorter  radius  aa 
compared  with  the  unbent  vector  OD'.  That  la,  the  effective  aspect  ratio  will  decrease 
when  K Ilea  between  0 and  1,  and  if  we  assume  that  the  EBF  wing  polar  can  be  represented 
by: 


(10) 


as  the  experimental  data  seems  to  indicate,  then  the  wing  efficiency  factor  e can  be 
related  in  some  way  to  the  effective  powered-lift  stream  tube  b'/b  and  the  ratio  of  the 

two  downwash  angles  0/e  by  the  use  of  eqa  (7),  (8)  and  (10).  Figure  9 shows  wing 

efficiency  factor  e calculated  in  this  way  plotted  against  e/6  for  increasing  fractions 
of  the  wing  apan  affected  by  power.  As  the  powered  lift  downwash  angle  6 Increases 
relative  to  the  unpowered  portion  C,  then  the  wing  efficiency  factor  e decreases,  since 
the  non-uniformity  of  lift  will  also  Increase.  The  loss  of  wing  efficiency,  however,  is 
tempered  by  the  amount  of  span  which  is  assumed  to  be  active;  minimum  values  of  e 
evidently  occur  for  a span  ratio  of  b'/b  about  .9.  The  calculated  factors  of  Figure  9 

may  be  compared  with  those  inferred  from  the  force  data. 


3.6  Thrust  Recovery  Factor 


One  way  of  comparing  various  powered-lift  concepts  is  by  the  Thrust  Recovery 
Factor  r which  may  be  determined  from  total  force  polar  curves  such  as  those  of  Figure  4 
(r  is  defined  in  Figure  10).  Values  of  r determined  from  force  data  are  shown  in  Figure 
10.  Alao  shown  arc  typical  values  for  the  augmentor  wing,  and  a complete  aircraft  con- 
figuration using  the  EBF  concept.  The  low  values  of  thrust  recovery  achieved  by  the 
various  EBF  types  are  evident  in  this  graph,  particularly  for  larger  flap  angles.  This 
contrasts  with  the  quite  high  values  of  r achi  ' ed  by  the  augmentor  wing,  which  has  a 
more  uniformly  distributed  jet  flow. 

The  diagram  of  Sketch  (i)  suggests  that  there  is  an  inevitable  loss  of  thrust 
recovery  for  systems  in  which  only  part  of  the  span  is  active,  and  that  r is  probably 
related  to  wing  efficiency  factor  e.  Thus  the  full-span  jet  flap  or  augmentor  wing 
configurations  will  always  have  a superior  performance  in  this  respect. 


4.0  AERODYNAMIC  LOAD  DISTRIBUTION 


It  is  evident  from  the  force  measurements,  that  external  blowing  has  a dominant 
effect  on  the  wing  aerodynamic  characteristics.  The  jet  flow  impinges  initially  on  the 
main  aerofoil,  and  spreads  rapidly,  flowing  outwards  and  along  the  flap  elements.  This 
added  flow  Induces  a supercirculation , and  increased  lift  which  affects  a significant 
portion  of  the  wing  span.  A simple  analysis  of  the  force  data  has  suggested  that  the 
powered-lift  stream  tube  site  can  cover  half  the  effective  wing  apan. 

Chordwlse  and  spanwlse  load  distributions  were  obtained  on  the  quasi-2-D  model 
from  surface  pressure  measurements  at  the  30  and  68  degree  flap  positions,  and  for  several 
values  of  Cy . Normal  and  chord  force  values  were  obtained  for  each  of  the  aerofoil 
component!  at  various  spanwlse  locations  by  integration  of  Cp  vs.  x/c  and  y/c  reap  -tively. 
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Chordwl sa  prtnura  distributions  at  the  Jet  c»ntt«llB«  are  shown  to  Figure  11 
•ad  12  for  tha  30  and  68  degree  flap  settings.  It  la  avldant  froa  these  results  that 
tha  lot  flow  Induct!  aoaa  wary  largo  changoa  In  tha  local  aorodynaalc  loading,  partic- 
ularly on  tha  flap  coaponeots,  and  tha  laplngaaaot  raglon  of  tha  aaln  aarofoll  lowar 


fly 

aurf aco . 


A coapar laon  of  centreline  preeaures  of  tha  30  and  68  degree  flap  anglaa 
(Flltures  11  and  12),  shown  that  the  lower  surface  preeaures  due  to  Jet  impingement  are 
approzlaataly  tha  saaa,  for  the  ssae  value  of  Cy  . On  the  aaln  wing  upper  surface,  for 

* r _ - ...  . J a f «vaaatiraa  Hit*  nmblb  IT  . tO 
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a of  Cn  result  In  Increasing  negative  pressures,  due,  probably,  to 
The  upper  surface  pressures  for  the  30  degree  flap  setting  do  aot 


dy  - 68°,  Inert 
supercirculation, 
change  with  Cy. 

The  high  pressures  Induced  by  tha  laplnglng  Jat  are  carried  over  onto  the  vane 
and  flap  aleaanta.  with  resulting  high  local  loads.  This  la  particularly  true  for  the 
68  degree  flap  setting,  where  the  vene  experiences  very  high  positive  **< 
pressures,  and  carries  a significant  proportion  of  the  total  aerofoil  load.  the  30 

degree  flap  setting,  the  positive  end  negative  presauraa  on  tha  vane  era  also  high,  but 
since  tha  local  vane  Incidence  la  nagatlva,  the  net  lo»j  U I"1**  y*ty 

pressures  are  also  present  on  tha  leading  edges  of  the  flep  elements  (Figure  11). 

The  distribution  of  local  nor.al  fores  Cg  along  a seal-span  of  the  ,ueal-2D 
aodal  la  shown  In  Figures  13  and  1*  for  each  coapooant  end  different  •■ount*  ot 
blowing.  These  figures  show  that  the  asrodyoaalc  loading,  particularly  on  the  flep 
elements.  ..tend,  tell  beyond  the  original  dl.eo.lon.  of  the  Jat  On  tha  tha 

local  loading  la  high,  but  drop,  off  rapidly  fro.  tha  jat  c.atn "4. iTSSi.a.  In 
approximately  constant  at  the  outboard  stations.  At  (y)/(b/2)  -.1  there  la  a alnlaua  In 
tha'curva* foil owed  by  a gradual  rla.  of  C9;  this  behaviour  1.  attribut.d  to  tha  aff.ct. 
of  Jat  lap lngaaant , and  three-dimensional  aaparatlon  of  the  aaln  wing  lower  surface 

boundary  layer. 

Soae  details  of  the  Jat  laplngeaent  are  shown  In  Figure  15.  The  photograph, 
for  6v  - 68°.  Cu  - 0.5,  shows  this  flow  aads  visible  by  a mixture  of  French  chalk  end 
oil.  The  aula  char. c ter  1 at  lea  of  the  flow  appear  to  be  a separation  of  the  wing 
layer  along  the  curved  boundary,  and  a source-type  flow  within  the  Jet  laplngeaent  area 
ltaelf  The  flow  on  tha  flap  eleaenta  Is  not  too  clearly  shown,  but  It  Is  evident  that 
the  local  flow  velocities  are  directed  outboard  on  either  side  of  the  Jet  centreline. 

I ach««lc  repr.aent.tlon  of  the  Jet  laplngeaent  flow  on  the  win,  lower  .urf.es  with 
surface  pressure  distributions  through  tha  point  of  laplngeaent  are  also  shown 
Figure  15. 


The  distribution  of  local 
and  68  degree  flap  setting.  For  Cy 
Is  concentrated  near  the  centreline 
to  be  aore  unlfora.  The  loading  on 
dp  - 68°,  and  extends  well  outboard 


lift  coefficient  Ct  Is  shown  In  Figure  16  for  the  30 
- 1.5  the  lift  distribution  Is  very  non-unlfora,  and 
of  the  Jet.  At  lower  Cw’s  the  load  distribution  tends 
the  flap  eleaenta  la  alao  high,  particularly  for 
, due  to  the  spreading  of  the  Jet  ehoet. 


5.0  WAKE  FLOW  CHARACTERISTICS 


In  the  external  flow  Jet  flep  concept, 
onto  highly  deflected,  slotted  flaps.  This  flow 
aablent  fluid,  is  directed  downward,  and  spreads 
a supercirculat ion , and  increased  lift. 


the  entire  engine  and  fan  flow  laplnges 
at  a higher  total  head  than  that  of  the 
in  a spanwlse  direction,  thus  generating 


Observation  has  shown  that  under  high  lift  conditions  the  engine*  exhaust,  lnl 
daily  circular,  la  quickly  transformed  into  a thin  sheet  which  leaves  the  flap  trailing 
edge  and  subsequently  deforms  into  a U-shaped  pattern  downstream.  Vortlclty  was  also 
observed  along  the  edges  of  the  spreading  Jet  on  the  wing  lower  surface  (Figure  15), 
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however,  tha  flow  In  tha  waka  la  charactarliad  Mainly  by  tha  bahavlour  of  tba  antlra  jat 
ahaat,  which  rolla  up  Into  two  well-defined  trailing  vortlcaa.  Skatch  11  ahowa  achamat- 
lcally,  the  aaaantlal  faaturaa  of  tha  flow  downwind  of  a quaal-2-D  nodal.  Tha  amount  of 
jat  apraadlng,  and  hanca  tha  affactlva  apan  of  tha  trailing  Jat  ahaat,  la  related  to  tha 
dlatribution  of  additional  lift  on  tha  wing.  Flow  visualization,  and  an  analyela  of  tha 
force  data  aaanad  to  Indicate  that  tha  alia  of  tha  powered  lift  etraan  tuba  would  be  a 
elgnlflcant  fraction  of  the  wing  apan.  Since  it  waa  alao  evident  that  the  flow  behind 
the  wing  contained  both  propulaiva  and  vortical  components,  traveraea  were  nad  ualng 
five-hole  probaa  In  order  to  achieve  aa  conpleta  a deecrlptlon  aa  poaalbla  of  tha 
phyalcal  nature  of  the  trailing  wake. 

5.1  Quaal-2-D  and  Half-Modal  Wakes 


Flow  surveys  were  mads 

downwind  of 

tha  2-D 

model  and 

also  the  half-model  for 

flap  settings  of  30°  and  68°.  The  model  incidence  and 

Cu  were 

those  for  which  pressure 

and  load  distribution  data  were 

obtained  (see 

Figure 

16).  The 

half-model  incidence 

(30*  x 30'  tunnal)  was  set  so  as 

to  give  the 

same  value 

of  CL„ 

as  the  2-D  model,  for  a 

given  Sv  and  Cu . The  downstream 

location  of 

tha  traverse  wes  3 

chords  (75  In.)  behind 

tha  wing  quarter-chord  point.  For  tha 

quasi- 

2-D  model 

only,  a 

flow  survey  vaa  also  mr-l. 

at  the  trailing  edge.  Table  I, 

below, 

lists 

model  and 

flo*  parameters  for  which  wake 

data  were  obtained. 

TABLE 

I 

Model  Conflg. 

*F 

C 

V 

CL 

Lw 

a 

w 

*w/c 

2-D 

30 

.76 

3.17 

0 

3.0 

2-D 

30 

.76 

3.17 

0 

T.E. 

3-D 

30 

.76 

3.17 

11.6 

3.0 

2-D 

68° 

.50 

4.40 

-7.0 

3.0 

2-D 

68° 

.50 

4.40 

-7.0 

T.E. 

3-D 

68° 

.50 

4.40 

3.2 

3.0 

Tha  flow  at  the  flap  trailing  edge  la  depicted  in  Figurea  17  and  18  by  contoura  of 
dynamic  preaaure  ratio  q/qt  and  aldewaah  angle  if),  for  flap  anglea  of  30°  and  68° , and 
flow  condltlone  noted  in  Table  I.  Theae  contoura  ahow  that  the  jet  has  elongated  In  a 
apanwlae  direction,  and  leaves  the  trailing  edge  as  a flattened  sheet.  The  spanwlse 
distribution  of  dynamic  pressure  Is  also  plotted,  at  locations  below  the  vlng  approxi- 
mately In  the  centre  of  the  deforming  jet,  and  close  to  the  flap  trailing  edge. 


Figures  17  and  18  also  ahow  the  spanwlse  variation  of  sldevash  angle  p at 
locations  above  the  wing  and  along  the  flap  surface  close  to  the  trailing  edge.  These 
results,  confirmed  by  flow  visual lcatlon,  indicate  that  fluid  above  the  wing  Is  directed 
Inward  toward  t ..e  jet  centreline  aa  a result  of  the  low  pressures  there.  This  la  In 
contrast  to  the  vigorous  expanding  jet  sheet  which  flows  around  and  outward  along  the 
flap  components  (Sketch  11)  . The  sudden  change  In  the  direction  and  magnitude  of  the 
velocities  near  the  flap  surface  suggests  strong  vorticlty,  which  has  both  spanwlse  and 
streaawlse  components. 


The  main  characteristics  of  the  fully  developed  wake  flow  (j— 


3)  are  Illus- 


trated In  Figures  19  and  20  for  the  30°  and  68°  flap  settings.  Presented  In  these  figures 

H - P0 

for  both  the  quasl-2-D 


are  contours  of  sldewash  — — , dovnwaah  and  total  head. 


«Jt 


and  half-model  configurations.  The  sldewash  and  downwash  contours  are  presented  as  a 
composite.  In  the  downwind  plane.  The  rolled-up  vortices  which  characterize  the  trailing 
Jet  sheet  vere  observed  by  smoke  flow  visualization,  but  a concentration  of  vorticlty  la 
also  suggested  by  the  relative  orientation  of  the  dovnwaBh  and  sldewash  contours  In  these 

H - Po 

figures.  Contours  of  — confirm  the  presence  of  a propulsive  stream  tube  which  Is 

deforming  and  rolling  up  with  the  vortices  emanating  from  the  vlng.  The  propulsive  flow 
la  also  Indicated  by  the  shaded  contour  on  the  sldewash  and  downwash  graph. 


In  Figure  19  (5p  - 30° 


- .76,  ^Lw  - 3.18)  the  vortex  span  of  the  quasl-2-D 


model  Is  approximately  0.6  x (model  span)  and  lies  0.1  x (model  span)  below  the  vlng. 
The  propulsive  vake  extends  further  outboard,  and  lies  below  the  trailing  vortices. 


Interpretation  of  the  Induced  velocity  patterns  downwind  of  the  half-model  Is 
complicated  by  the  existence  of  a wing  tip  vortex  and  also  the  presence  of  separated 
flow  from  the  vlng-groundboard  Junction.  The  flow  contours  are  difficult  to  interpret, 
but  the  sidewash  patterns  seem  to  place  the  vortex  at  roughly  the  same  span  as  for  the 
2-D  configuration.  Its  location  underneath  the  vlng,  however,  Is  nearly  three  times  that 
of  the  quasl-2-D  model  which  was  tested  at  the  same  lift  coefficient.  The  propulsive 
wake  also  Ilea  further  below  the  wing  than  was  originally  anticipated. 


It  will  be  recalled  from  section  (3.3)  that  an  analysis  of  the  force  data 
(l.e.  Ci  vs.  Cq  ) showed  that  the  half-model  forces  were  related  to  the  quasl-2-D  forces 
by  a rotation  of  the  wind  vector  through  an  angle  which  depended  on  lift,  and  the  aspect 
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ratio  of  the  half  model.  Thua  modele  taatad  at  the  aame  lift  ahould  have  the  same 
average  downwash  la  the  wake,  and  tha  aame  general  location  of  tha  trailing  vortlcoa. 
Tha  fact  that  from  the  wake  flow  meaaurenenta , thla  doea  not  appear  to  be  ao,  may  caat 
aome  doubt  on  thla  hypotheala,  but  It  ahould  be  recalled  that  the  floor,  which  waa 
preaent  for  the  quaal-2-D  teat,  but  not  for  the  3-D  teat,  would  to  aome  extent,  prevent 
the  downward  movement  of  the  wake  vortlcea  and  propulalve  Jet. 


Flow  patterna  for  the  68°  flap  aettlng  (Cp  » 0.5,  Clw  - 4.4)  are  ahown  in 
Figure  20.  The  trailing  vortex  flow  la  evident  from  the  Induced  velocity  patterna  of 
both  the  quaal-2-D  and  3-D  conf lguratlona;  the  propulalve  flow  la  located  about  a semi  — 
apan  below  me  wing,  and  haa  deformed  laterally  almoat  the  entire  eemi-apan.  From  the 
Induced  velocity  contours  of  the  half-model  flov,  it  la  poaalble  to  Identify  not  only 
the  povered-llft  vortlcea  but  the  wlng-tlp  vortex  aa  well.  Their  eatlmated  location  la 
marked  on  Figure  20,  and  It  appeara  that  the  mutual  effect  of  the  Induced  velocltlea  la 
caualng  the  vortlcea  to  move  relative  to  one  another  aa  they  trail  downatream.  Thua  the 
vortlcea,  V2  and  V3  in  Figure  20  will  tend  to  rotate  about  one  another,  with  the  wing 
tip  vortex  tending  to  riae  above  the  wing  plane. 

5.2  The  Flow  Downwind  of  a Multi-Engined  EBF  Configuration 


The  flow  downwind  of 
during  a STOL  approach  under  p 
the  simple  configurations  disc 
horizontal  tailplane  Is  crucla 
velocities  would  be  considered 
were  made,  therefore,  using  5 
plane  model  of  a four-engined 
this  model  with  the  wake  trave 


a complete  aircraft,  such  as  a multl-englned  EBF  transport 
owered  lift,  will,  naturally,  be  more  complex  than  that  of 
usaed  In  the  preceding  sections.  The  performance  of  the 
1 under  these  conditions,  and  a knowledge  of  the  downwash 
useful  for  preliminary  design  studies.  Flow  traverses 
hole  probes,  at  the  tailplane  location  of  a reflection- 
transport,  employing  the  EBF  concept.  A general  view  of 
rse  gear  positioned.  Is  described  in  Reference  (6). 


The  model  configuration  and  tunnel  flow  were  appropriate  to  a landing  approach 
under  powered  lift  (Sp  - 55°,  Cl  ■ 3.5,  Cy  ■ 0.75,  aw  « 0°). 

Figures  21  and  22  describe  the  wake  flow  behind  this  model  for  Cv  - .75,  and 
for  nacelle  locations  In  the  spread  and  coupled  configuration  respectively. 

It  was  evident  from  the  measurements  that  the  trailing  wake  of  this  model 
contained  the  propulalve  and  vortical  flows  which  are  characteristic  of  the  EBF,  and 
which  were  described  In  the  preceding  sections.  These  flows  are  depicted  In  Figure  21 
(nacelles  spread)  by  contours  of  sldewash  v/V  and  downwash  w/V,  and  also  total  head 
H - p0 

. The  relative  orientation  of  w/V  and  v/V  suggests  the  presence  of  at  least  two 

It 

strong  vortices,  V!  and  V2  shed  from  the  flap/aileron  Junction,  and  wing  tip  respectively. 
There  Is  also  some  evidence  of  a third  vortex  on  the  Inboard  side,  due,  possibly,  to  a 
wing/f uselage  separation,  or  the  rolling  up  of  the  Inboard  portion  of  the  Jet  sheet. 


H - Pc 
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The  location  of  the  propulsive  stream  tube  In  the  wake  is  given  by  the  contours 
shown  on  the  same  graph.  Although  It  Is  not  possible  to  Identify  the  details  of 

each  engine  flow,  It  can  be  seen  that  the  maximum  values  of  total  head  occur  well  below 
anjl  slightly  outboard  of  the  engine  locations,  thus  emphasizing  the  outward  lateral  drift 
of  the  Jet  exhaust.  The  total  efflux,  having  left  the  wing  as  a flattened  sheet,  has 
subsequently  deformed  Into  a U-shaped  mass  as  It  Is  drawn  toward  and  rolls  up  with  the 
vortex  emanating  from  the  flap/aileron  Junction.  This  efflux  Is  Indicated  schematically 
as  a shaded  overlay  on  the  Induced  velocity  contours. 


The  flow  In  the  wake  of  this  configuration  Is  therefore  characterized  by  the 
behaviour  and  mutual  Interaction  of  the  deforming  Jet  and  the  streamwlse  vortices  emanating 
from  the  flap/aileron  Junction  and  wing  tip.  A result  of  this  Interaction  Is  the  unusual 
location  of  the  outer  vortex:  this  vortex  Is  positioned  above  the  wing  plane  and  Inboard 
of  the  wing  tip.  It  Is  evident  that  the  upper  and  lower  vortices  have  rotated  about  one 
another  since  leaving  the  wing  trailing  edge,  and  will  continue  to  do  so  at  locations 
further  downstream. 

The  propulsive  stream  tube  will  also  continue  to  deform  since  It  Is  the  more 
passive  of  the  two  wake  components  and  vill  be  dominated  by  the  trailing  vortlclty. 

''H  - P0 


Local  regions  of  quite  low  total  h 


ead  (“T^2,  < °) 


were  observed  at  the  centres  of  the 


vortices  Vi  and  V2;  this  Is  consistent  with  the  flow  In  a vortex  core,  which  Is  typified 
by  Intense  rotation,  low  pressures  and  viscous  diffusion. 

Figure  22  which  shows  a similar  presentation  for  the  coupled  engine  nacelles 
(Cy  - 0.75)  exhibits  the  same  general  properties  as  for  the  spread  nacelles.  The  only 
noticeable  difference  in  the  wake  is  that  of  the  propulsive  flow,  which  appears  to  be 
thinner,  and  slightly  leas  deformed  compared  to  the  spread  nacelle  configuration. 

6.0  CONCLUSIONS 


The  following  conclusions  can  be  drawn  from  the  investigations  of  the  External 
Blowing  Concept  for  powered  lift. 
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1)  External  Blowing  has  a dominant  affact  on  the  wing  aerodynamic  charactaria tlca  auch 
aa  lift  and  Cl>j(  . In  thia  regard,  the  EBF  la  comparable  to  ocher  forma  of  powarad  lift, 
auch  aa  the  Jet  flap  or  augaentor  wing. 

2)  Tha  analyaia  of  the  "wing  only"  drag  polars  of  the  EBF  models  have  shown  that  they 
can  be  regarded  as  a form  of  jet  flap,  having  a polar  equation  of  the  form:  Cpu  - 

Cd0  + (Clw2) /(»«*) . The  wing  efficiency  factor  e and  thrust  recovery  factor  r were  found 
to  be  related  to  Che  aaount  of  part-span  blowing.  Low  values  of  e and  r are,  therefore, 
an  inherent  characteristic  of  the  EBF,  or  any  other  powered  lift  system  in  which  only 
part  of  the  span  is  active. 

3)  The  relationship  between  the  quasl-2D  and  half-model  configurations  is  that  lift  and 
drag  forces  can  be  considered,  in  the  half-model  case,  to  have  been  rotated  through  an 
Induced  incidence  Aa^,  which  is  the  result  of  a change  in  effective  aspect  ratio  from 
approximately  30  to  about  5. 

4)  The  Jet  flow  Induces  some  very  large  changes  in  the  local  aerodynamic  loading, 
particularly  on  the  flap  components,  and  the  impingement  region  of  the  main  aerofoil 
lower  surface.  Although  the  loading  is  localized  mainly  at  the  centre  of  the  wing,  it 
extends  well  beyond  the  original  dimensions  of  the  jet,  particularly  on  the  flap  elements. 

5)  The  flow  in  the  wake  of  the  EBF  is  characterized  by  the  existence  of  trailing 
vortices,  which  have  resulted  from  the  non-uniform  span  loading,  and  which  Induce  down- 
wash  and  sidewaah  velocities  of  considerable  magnitude.  The  propulsive  Jet,  which  leaves 
the  flap  trailing  edge  as  a flattened  sheet,  deforms  and  rolls  up  with  the  trailing 
vortices  into  a U-shaped  pattern. 

6)  The  wake  behind  a multi-engined  transport  configuration  also  contains  both  propulsive 
and  vortical  components.  Measurements  downwind  of  a half-model  have  shown  that  behind 
each  half-wing,  there  are  two  trailing  vortices,  one  from  the  wing  tip  and  one  from  the 
flap/aileron  Junction,  The  propulsive  Jet  flow  rolls  up  behind  the  vortex  from  the  flap 
tip.  The  interaction  of  the  two  vortices  causes  the  wing  tip  vortex  to  lie  above  the  wing 
plane . 
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FIGURE  12  CENTRELINE  PRESSURE  DISTRIBUTION  ON  THE  MAIN  AEROFIL  AND  FLAPS 
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FIGURE  20  FLOW  IN  THE  TRAILING  WAKE  HALF-MODEL  CONFIGURATION 


TCT  SOUMDAtY 


DOWNWASH  A KID  SIDE  WASH 


FIGURE  21  THE  FLOW  DOWNWIND  rF  A MULTI -ENGINED  EBF  TRANSPORT 
NACELLES  SPREAD,  C * 0.75,  a = 0° 


FIGURE  22  THE  FLOW  DOWNWIND  OF  A MULTI -ENGINED  EBF  TRANSPORT 
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rax  run  around  a wing  with  am  external-flow  jit  flap 

P X ASHILL  and  D N POSTS) 

ROTAX  AIRCRAFT  XSTABLISHDOiT,  BEDFORD,  WO  LAND 


SOOU1T 

Tha  ala  of  this  papar  la  to  identify  and  to  lntarprat  tha  wain  faaturaa  of  tha  flow  around  a wing  with 
an  axtarna  1-flow  Jat  flap.  Measurements  wara  nada,  under  wind -on  and  wind -off  conditions,  on  a half  nodal 
of  a wing-fuselage  with  an  injector-powered  naoelle  noun  tad  beneath  the  wing,  tha  wind-on  teste  being  per- 
formed at  30  mjt.  Tha  wing  waa  tasted  at  two  angles  of  sweepback;  0°  and  20°. 

Analysis  of  the  velocity  distributions  neasured  In  tha  Jat  at  tha  trailing  edge  of  the  flap  suggests 
that  tha  turning  and  spreading  proceas  Is  sensibly  Independent  of  forward  speed.  As  night  be  expected, 
sweepbaok  has  the  efftot  of  biasing  the  e panwise  distribution  of  none n tun  towards  the  wing  tip. 

The  spanwlse  distributions  of  lift  and  pressure  drag,  derived  fron  static  pressure  neasurenents  aade 
under  wlnd-on  conditions,  exhibit  a pronounced  non-uniformity  in  the  neighbourhood  of  the  nacelle.  However 
the  residual  load,  defined  as  the  wind-on  load  ninus  the  wind -off  load.  Is  distributed  In  a relatively  uni- 
form manner  across  the  span,  supporting  the  view  that  the  distribution  of  the  direct  jet  reaction  under 
wind -on  conditions  is  similar  to  that  under  wind-off  conditions.  Analysis  of  the  spanwlse  distributions  of 
reel  duel  loading  and  Jet  momentum  suggests  that  the  contribution  of  the  Jet-flap  effect  to  the  total  lift 
Is  a all. 
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influence  coefficients  la  Multhopp'a 
method  ef  calculating  apanerlae  load 
distribute  on03; 

dreg  coefficient 

induoed  drag  ooeffloient 

Jet-reaction  drag  coefficient 

measured  overall-dreg  ooeffloient 

pressure  drag  ooeffloient 

circulation  drag  ooeffloient 

lift  ooeffloient 

Jet-re  action  lift  coefficient 

circulation  lift  coefficient  of  Jet 

circulation  lift  ooeffloient  of  wing 

equivalent  two-dimensional  circulation 
lift  coefficient 

pressure  «,  efficient 


H total  pressure  in  Jet 

J Jat  Bomantimi  in  atreamwise  plane 

N number  of  terms  in  Kulthopp  spanwlse  load 

calculation 

n distance  measured  normal  to  the  local  surface 

of  deflected  flap 

p reference  static  pressure  in  undisturbed  main 

flow 

q dynamic  pressure  of  undisturbed  main  flow 

S wing  area 

s wing  semi-span 

Ts  static  thrust 

U undisturbed  main  flow  velocity 

OO 

X,Y,Z  local  contrlbutlona  to  force  on  wing  in 
x,y,i  directions 

x,y,i  left-handed  Cartesian  co-ordinates  with 

origin  on  the  fuselage  centre-line  et  the 
leading  edge  of  the  unswept  wing 

a angle  of  incidence 


C_  net  thrust  coefficient  of  Isolated  nacelle  T 

T 


circulation 


o 


•ZO«S8 

gross-thrust  ooeffloient 

r 

local  strength  of  spanwlse  vortices 

. (X  - 

xj/qe 

d 

non-dimensional  spanwlse  distance,?  y/i 

- (T  - 

\)/v> 

’’j 

thrust  recovery  factor 

■ (z  - 

Z.)/v 

local  jet  deflection  angle 

•JCC8S8 

momentum  coefficient,  ■ (J  - J )/qc 

effective  two-dimensional  exoass  aomantxm 

PREFIX 

coefficient 

A 

incremental  part  of 

reference  chord  of  unswept  wing  (Fig  2) 


f-  downwaah  angle  induced  at  Jet  by  unblown  SUPOSCRIFT 

^ flat  ■',ng  at  unit  angle  of  incidence  in 

rc.erse  flow 


g*  non  -dimensional,  vortex  strength  for.*  . 

two-dimensional,  Jet-augmented  flap' 


overall  value 
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SUFFIXES 

• effective  conditions  at  wing  aaotlon 

i conditions  induced  by  vortex  distributions 

on  wing  and  Jet 

J terms  appertaining  to  Jat 

■ terms  appertaining  to  mainstreasi  flow 

o conditions  of  sero  static  thrust 


R terms  derived  as  difference  between  wind-on 

and  wind-off  terms,  ie  residual  terms 

T conditions  at  wing  trailing  edge 

w terms  appertaining  to  wing 

T terms  due  to  circulation 

00  conditions  at  infinity  downstream 

1 terms  appertaining  to  forward  motion 

2 terms  appertaining  to  reverse  motion 


1 INTRODUCTION 

The  external-flow  jet  flap  is  perhaps  the  simplest  concept,  structurally  and  mechanically,  of  all  the 
powered-lift  systems.  Two  basic  configurations  have  been  proposed,  one  with  the  engines  mounted  Just 
beneath  the  wing  and  the  other  with  the  engines  installed  on  the  upper  surface  of  the  wing,  with  trailing- 
edge  flaps  being  deflected  at  moderate  to  large  angles  in  both  cases.  In  the  former  scheme,  tire  efflux 
from  each  engine  impinges  on  the  flaps,  is  deflected  downwards  and  is  spread  spanwise,  thereby  oonverting 
the  efflux  into  a jet  sheet  having  a span  that  is  greater  than  the  diameter  of  the  nacelle.  In  the  latter 
scheme,  on  the  other  hand,  the  turning  process  is  achieved  through  the  Co&nda  effect,  whereby  the  flow 
remains  attached  to  the  knee  of  the  flaps,  and  there  is  little  or  no  spanwise  spreading,  so  that  a compact 
Jet-sheet  results.  This  paper  is  concerned  with  the  first  of  these  schemes. 


Notwithstanding  the  fact  that  the  flow  around  the  wing  is  of  extreme  omplexity,  various  attempts  have 
been  made  to  model  the  flow1*2*',  but  none  of  these  is  entirely  satist'actoiy.  As  a consequence,  heavy  reli- 
ance has  had  to  be  placed  on  the  results  of  overall-force  tests  on  particular  configurations*’*!?*®.  The 
methods  that  are  generally  used  to  analyea  the  forces  may  be  summarised  with  the  aid  of  Fig  1.  This  figure 
la  based  on  experimental  data  obtained  from  tests  performed,  at  low  Hach  number,  on  a model  representing  an 
aircraft  with  an  external-flow  jet  flap  of  the  type  under  consideration.  In  particular.  Fig  la  Indicates 
a breakdown  of  the  overall  lift,  C^.  The  contribution  from  the  component  of  the  jet-reaction  force.  Cjj,  ia 
derived  from  wind-off  tests.  The  analysis  is  therefore  based  on  the  assumption  that  the  main  flow  (ie  the 
flow  extornal  to  the  efflux)  does  not  influence  the  development  of  the  Jet,  with  the  consequence  that  forward 
speed  is  assumed  to  have  no  effect  on  the  jet-reaction  force.  Hence  the  residual  lift  - Cjj  is 

assumed  to  arise  solely  from  the  circulation  of  the  main  flow  around  the  wing.  The  residual  lift  may  be 
thought  to  oo mp rise  a contribution  corresponding  to  sero  static  thrust,  C^o,  and  an  increment  dCjr,  which  is 
usually  attributed  to  two  affects.  Firstly,  a portion  of  the  efflux  passes  through  the  slots  of  the  trailing- 
edge  flap  and,  after  turning  around  the  noses  of  the  flap  elements,  energizes  the  boundary  layer  on  the  flap 
upper  surfaoe  (the  boundary-layer-control  effbet).  Secondly,  the  efflux  situated  downstream  of  the  trailing 
edge  is  considered  to  have  an  effect  that  is  similar  to  that  of  the  jet  sheet  of  the  classical  jet  flap  (the 
Jet-flap  effect). 


FIG- 1 ANALYSIS  OF  LIFT  AND  DRAG  OF  EXTERNAL- FLOW,  JET  FLAP 


Fig  1b  shows  a similar  analysis  performed  for  drag.  The  term  resulting  from  the  algebraic  addition  of 
the  measured  overall  drag  Cpjj  and  the  nej  thrust  of  the  isolated  powerplant,  C~,  is  broken  down  into  a jet- 
reaction  drag,  Cnj,  and  a residual  drag  Cpp.  As  with  the  lift,  the  jet-reaction  drag,  which  is  due  to  the 
impingement  of  the  efflux  on  the  flap  system,  is  derived  from  wind-off  tests.  Perry*-  suggested  that  the 
residual  drag  could  best  be  arm^sed  by  Ignoring  the  jet-flap  effect.  This  implies  that  the  residual  drag 
is  analysed  into  a vortex  drag  Cjjj2/*A  and  a remainder,  iCp^.that  is  usually  attributed  to  the  boundary  layer 
on  the  parts  of  the  model  that  are  not  Immersed  in  the  jet. 


These  analyses,  whilst  they  are  useful  tools  for  interpreting  the  data,  pose  more  questions  than  they 
answer.  For  example,  it  is  questionable  whether  or  not  the  jet-reaction  forces  are  independent  of  forward 
speed.  In  addition,  the  apparent  success  of  Perry’s  analysis  of  dreg  points  to  the  possibility  that  the  jet- 


flap  effect  is  relatively  small,  with  its  implications  on  the  origin  of  the  increment  ACjj).  The  aim  of  this 


paper  is  to  examine  these  questions  with  the  aid  of  some  measurements  made  on  a constant-chord  wing  The 
measurements  comprised  surveys  of  flow  velocity  at  the  trailing  edge  of  the  flap,  static  pressures  at  various 
positions  on  the  wing,  and  overall-force  measurements.  Two  wing  sweeps,  0°  and  20°,  have  been  examined  with 
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tkf  aia  of  understanding  the  influenoe  of  sweep  on,  for  exaiple,  the  spread  of  the  Jet  across  the  span 
after  impingement  on  the  flap.  The  majority  of  tests  were  performed  at  a gross-thrust  ooeffioient  of 
approximately  1.0,  this  being  considered  to  be  a typical  Talus  for  a oivll  STOI.  aircraft. 

2 MODELS  AND  IN  STR1  WN  TATI  ON 

2.1  Wing  and  nacelle 

The  aodel,  which  simulated  the  port  half  of  a wing-fuselage  combination  with  a single  turbofan  engine 
mounted  beneath  each  wing,  is  shown  in  Pig  2.  Mounted  rertically  on  a half -model  balanoe  the  model  was 
assembled  either  as  an  unswept  or  swept  wing  (Pig  2),  the  unswept  wing  being  rectangular  in  planforn.  The 
swept  configuration  was  derived  by  rotating  the  wing  through  20°,  a fairing  being  added  to  the  tip  to  pre- 
serve the  span  of  2,06m  (Pi  lr»).  Consequently  the  chord  was  increased  by  the  ractor  sec  20°,  and  as  shown 
in  Pig  2,  the  defleotlon  angles  of  the  three  elements  of  the  high-lift  system  were  reduoed  slightly.  Por 
both  configurations  the  flap  brackets  were  in  a streamwise  direction;  the  slat  brackets  were,  however,  main- 
tained ncrmal  to  the  leading  edge,  and  thus  were  not  changed  when  the  angle  of  sweep  was  altered. 


STREAMWISE  SECTIONS 
AT  NACELLE  CENTRE  LINE 


FIG- 2 GEOMETRY  OF  UNSWEPT  AND 


SWEPT  VERSIONS  OF  MODEL 


An  injector-powered  nacelle,  which  has  been  described  elsewhere7,  simulated  a turbofan  engine  posses- 
sing a bypass  ratio  of  the  order  of  3.  The  nacelle  was  mounted  independently  of  the  wing,  so  that  its  posi- 
tion relative  to  the  wing  and  its  inclination  could  be  varied  over  a wide  range.  For  the  tests  to  be  dis- 
cussed in  this  paper  the  position  of  the  nacelle  relative  to  the  leading  edge  of  the  main  wing  at  the  span- 
rfise  station  of  the  nacelle  axl3  and  the  inclination  of  the  nacelle  were  fixed  at  the  position  riiown  in  Fig  2. 
This  geometry  was  considered  to  be  a reasonable  compromise  between  the  achievement,  on  the  one  hand  of  low 
cruise  drag,  and  on  the  other  of  high  lif t-augraentation.  That  this  geometry  was  suitable  from  trie  11ft- 
augmentacion  standpoint  was  subsequently  proved  by  overall-force  measurements.  An  overall-force  calibration 
of  the  isolated  nacelle  under  wind-off  conditions  indicated  that  the  nose-down  inclination  of  the  nacelle  was 
effectively  1,2  ±0.1  greater  than  the  nominal  inclination  owing  to  an  asymmetry  in  the  flow  of  the  efflux. 

2.2  Pressure  measuiement  system 

Pressure  transducers  and  scenivalves  were  used  to  measure  the  static  pressures  on  the  wing  at  a total 
of  1320  tappings  which  were  divided  equally  between  12  spur  .'taw  stations.  The  choice  of  the  range  of  the 
transducers  was  influenced  by  the  expectation  that,  as  a result  rf  direct  jet  impingement,  pressure  in 
excess  of  20kNm"  (3  lbf/ln*),  would  occur  on  parts  of  the  lower  surface  of  the  wing.  Sinco  there  was  no 
prior  knowledge  of  *h ere  these  pressures  might  occur  it  was  decided  that  all  the  transducers  would  have  a 
range  of  ± 3LdNm  (3  lbf/in  ).  However,  to  ensure  an  adequate  resolution  for  the  measurement  of  pressures 
on  the  remainder  of  the  wing  it  was  arranged  that  the  signals  from  the  transducers  would  be  amplified  before 
they  were  coded  onto  paper  tape. 


2.3  Wake-survey  rig 

Velocity  distributions  at  the  trailing  edge  of  the  flap  were  measured  with  a non-nulling  five- tube 
probe.  This  comprised  a centre  tube  and  four  outside  tubes  which  wens  placed  at  equal  angular ’intervals 
around  the  centre  tube  All  the  tubes  were  of  internal  diameter  0.65mm  (0.033  in)  and  the  distance  between 
the  centresQof  each  pair  of  opposite  tubes  was  2.6mm  (0.102  in).  The  ouluide  tubes  were  chamfered  to  an 
ar.gle  of  45  to  the  axis  of  the  probe.  The  probe  was  mounted  from  the  lower  surface  of  ths  flap  for  surveys 
above  the  flap,  and  from  the  upper  surface  for  surveys  below  the  flap.  Frovision  was  nude  for  surveys  at  up 
to  six  spanwise  stations  below  the  flap  and  for  up  to  eight  spanwise  stations  above  the  flap.  A traverse  of 
the  probe  across  the  jet,  in  the  direotion  normal  to  the  adjacent  surface  of  the  flap  at  the' trailing  edge 
was  accompiished  by  means  of  a small  motor  mounted  in  the  probe  support,  the  position  of  the  probe  being  ’ 
defined  by  the  count  of  electrical  pulses  transmitted  by  a mioro-switoh  activated  by  the  rotation  of  the 
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motor  ahai't. 

A non-nulling  probe  la  limited  to  a oerteln  range  of  pitoh  angle  and  yaw  angle,  depending  on  the  type 
of  calibration  uaed.  It  waa  considered  that  yaw  anglea  exceeding  the  working  range  of  the  probe  migh^be 
found  in  the  Jet;  therefore  provision  was  aade  for  setting  the  probe  at  two  anglea  of  yaw  other  than  0 , 
namely  i 20°, 

J test  TECHNIQUE  AN1)  data  reduction 

3.1  General  considerations 


The  wind-on  testa  were  performed  in  the  13ft  x 9ft  wind  tunnel  at  RAE,  Bedford  at  a wind  speed  of 
30  m/a  (100  ft/s).  Testa  were  performed  for  a range  of  nacelle  thrusts,  but  moat  emphasis  waa  placed  on 
the  two  cases  Ts  t 0,  T,  « 857. 6N  (192.8  lbf),  hereafter  referred  to  as  the  'thrust-off  and  'thrust-on' 
oases,  respectively.  Here  Ts  is  the  static  thrust  of  the  Isolated  nacelle,  obtained  from  a static 
calibration. 

To  avoid  problems  due  to  the  recirculation  of  the  flow  in  the  wind  tunnel,  wind-off  tests  were  con- 
ducted lr.  a large  room  beneath  the  tunnel  working  section.  The  thrust  setting  for  these  tests  was  the  same 
as  for  the  thrust-on  case  above.  This  thrust  could  be  controlled  to  an  accuracy  better  than  i 0,2%  which 
is  comparable  with  the  precision  of  control  of  the  dynamic  pressure  of  the  tunnel  airstream. 

3.2  Pressure  dl  stributlons 


Pressure  distributions  were  generally  meisured  in  the  wind-on  tests  at  intervals  of  angle  of  incidence 
of  4°  between  0°  and  20°.  The  dynamic  pressure  used  in  the  reduction  of  the  pressures  to  coefficient  form 
was  tha*  alculated  for  the  wind-tunnel  speed  and  was  given  to  the  computer  as  e 'constant'.  A similar 
process  was  used  to  determine  notional  pressure-coefficients,  fbr  the  wind-off  tests,  based  on  the  wind  speed 
of  the  wind-on  tests. 

Integrations  to  obtain  the  components  of  the  pressure-force  coefficients  acting  on  each  element  were 
based  on  the  assumption  of  a linear  variation  between  the  tappings.  Resolution  of  these  components  relative 
to  the  stream  direction  led  to  the  pressure-lift  and  pressure-drag  coefficients  for  each  complete  section. 

No  wind-tunnel  corrections  were  applied  to  the  wind-on  results,  because  the  aim  of  this  study  was  to 
derive  a basic  understanding  of  the  flow  rather  than  to  provide  data.  However,  to  gain  some  indication  of 
the  magnitude  of  the  wall  effect,  these  corrections  were  calculated.  The  increment  in  angle  of  incidence 
due  to  tunnel-wall,  lift  constraint  was  obtained  by  assuming  that  the  wing  could  be  considered  equivalent 
to  an  'unblown'  wing  of  the  same  geometry  and  at  the  same  overall,  residual-lift  coefficient,  5pp,  as  the 
model.  By  using  this  assumption  in  conjunction  with  theoretical  results  given  by  Acum  it  was  found  that 
the  incremental  angle  of  incidence  is  1.08  Cjp  degrees  for  the  unswept  wing  and  1.16  Cgp  degrees  for  the 
swept  wing.  Theoretical  blockage  Increments  to  the  dynamic  pressure  of  the  tunnel  airstream,  q,  were  found 
to  be  0.0317  q for  the  thrust-off  case  and  0.0087  q for  the  thrust-on  case,  the  difference  between  the  two 
values  being  attributable  to  the  sink  effect  of  the  intake  and  also  the  entrainment  of  flow  into  the  efflux-'. 

3.3  A'ake  surveys 

The  velocities  at  the  trailing  edge  of  the  unswept  wing  were  measured  wind  on  and  wind  off,  but,  for 
the  swept  wing,  measurements  were  only  made  with  the  wind  on.  For  the  wind-on  tests,  surveys  were  made  at 
all  the  spanwise  stations  at  an  angle  of  incidence  of  4°.  Surveys  at  two  other  incidences,  0°  and  8°,  were 
also  made  at  the  station  closest  to  the  nacelle  axis.  The  tests  were,  in  the  main,  with  thrust  on. 

The  pressures  in  the  tuber  were  measured  by  five  pressure  transducers  each  of  range  t 1 7kNm"2 
(2^  lbf/in^).  The  signals  from  the  transducers  were  amplified  and  subsequently  coded  onto  paper  tape  prior 
to  reduction,  by  computer,  into  dynamic  head,  static  pressure,  yaw  angle  and  pitch  angle.  The  computer  pro- 
gram, which  was  written  at  BAC,  .Veybridge,  uses  a form  of  the  calibration  described  by  Bryer  and  Fankhurst  . 

The  interval  between  euch  point  in  the  survey  varied  between  0.05mm  (0.002  in)  and  2.5mm  (0.1  in) 
depending  on  the  gradients  of  the  five  pressures  across  the  jet. 

3.4  Presentation  of  data 


Unless  otherwise  stated  the  data  presented  in  this  paper  corresponds  to  an  angle  of  incidence  of  4°  for 
both  the  unswept  wing  and  3weptback  wing.  In  general,  the  coefficients  are  non-dimensionalised  using  the 
length  of  the  streamwise  chord  of  the  basic  wing  (Fig  2). 

4 DISTRIBUTION  OF  JET  MOMENTUM  ACROSS  THE  SPAN 

This  section  deals  with  the  interpretation  of  the  results  of  the  surveys  at  the  trailing  edge  of  the 
flap.  An  illustration  of  the  way  the  jet  is  distributed  across  the  span  is  provided  by  Fig  3 which  shows 
the  variation  of  the  total-pressure  coefficient,  Cp^  = (H  - pr)/q,  normal  to  the  upper  and  lower  surfaces  of 
the  flap  at  the  trailing  edge.  Here  H is  the  jet  total  pressure  and  pr  is  the  static  pressure  of  the 
undisturbed  main  flow  It  can  be  seen  that  the  jet  is  mainly  concentrated  below  the  flap  in  the  immediate 
vicinity  of  the  axis  of  the  nacelle.  However,  sufficient  flow  passes  through  the  slots  of  the  flap  system 
to  give  a propulsive  contribution  from  the  upper-surface  flow.  In  addition,  the  total  pressure  of  this  flow 
seems  to  decay  less  rapidly  across  the  span  than  for  the  flow  below  the  flap. 
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FIG. 3 DISTRIBUTION  OF  TOTAL  PRESSURE  AT  VARIOUS  STATIONS 
ACROSS  THE  SPAN  OF  UNSWEPT  WING,  WIND  ON,  THRUST  ON 

4,1  Local  Integrated  jet  momentum 

Although  the  distributions  of  Fig  3 are  interesting,  more  useful  information  can  be  obtained  by  con- 
sidering integrated  properties  of  the  jet.  The  direct  jet-reaction  can  be  most  conveniently  analysed  by 
considering  the  momentum  flux  passing  across,  and  the  normal  pressure  forces  acting  on,  the  traverse  planes. 
Consideration  is  therefore  given  to  the  force  coefficients: 

Cx  = (X  - Xm)/qc  ; Cy  = (Y  - Yj/qc  ; C,,  = (Z  - Zj/qc  , 

where  X,  Y and  Z are  the  local  contributions  to  the  forces  on  the  wing  in  the  x,  y,  z directions  (Fig  4)  due 
to  the  momentum  and  static  pressure  in  the  jet,  suffix  m denotes  the  corresponding  values  for  the  main  flow, 
and  o is  the  chord  of  the  basic,  unswept  wing  as  defined  in  Fig  2.  The  integrations  to  obtain  these  coeffi- 
cients were  performed  numerically,  and  the  main  flow  was  assumed  to  be  characterised  by  the  flow  measured  at 
the  edge  of  the  jet.  Fig  4 shows  the  spanwlse  distribution  of  the  three  coefficients  for  three  cases,  the  two 
wing  sweeps  under  wind-on  conditions,  and  the  unswept  wing  under  wind-off  conditions,  the  coefficients  for  the 
last  case  being  based  on  the  dynamic  pressure  of  the  forward  speed  tests.  The  figure  indicates  that  the  main 
flow  haa  a minimal  effect  on  the  force  coefficients.  In  particular,  the  force  coefficient  Cy,  which  is  a 
measure  of  the  spread  of  the  jet  across  the  span  of  the  flap,  is  hardly  affected  by  the  main  flow,  a result 
of  some  eignificanoe . As  might  be  expected  the  effect  of  sweep  is  to  bias  the  coefficients  and  Cg  towards 
the  tip  and  to  give  rise  to  a nonzero,  overall  force  in  the  spanwise  direction. 
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FIG.  4 DISTRIBUTION  OF  JET-REACTION  COEFFICIENTS 
ACROSS  THE  SPAN 


4.2  Overall  integrated  jet  momentum 

Integration  of  the  distributions  of  force  coefficients  across  the  span  allows  the  determination  of  the 
overall  Jet-deflection  angle 
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■here  bars  denote  overall  foroes  and  la  the  gross-thrust  coefficient  of  the  nacelle  mlnua  the  gross 
thruat  corresponding  to  a Jet  dynamic  pressure  equal  to  f ree-stream  dynamic  pressure . 

TABLE  1 


Case 

Wing 

Sweep 

m 

Wind  off 

0° 

0.811 

— 

o 

CM 

K~\ 

Wind  on 

0° 

O 

03 

37.4° 

Wind  on 

20° 

0.839 

35.2° 

The  results,  which  are  shown  in  Table  1,  confirm  that  the  wind-off  characteristics  substantially  define  the 
direot  Jet  reaction  under  wind-on  conditions.  In  addition,  they  show  that  sweep  has  little  effect  on  the 
turning  characteristics  of  the  flap  system,  the  small  reduction  in  overall.  Jet-deflection  angle  with  sweep 
being  consistent  with  the  fact  that  flap  deflection  was  reduced  in  the  process  used  to  sweep  the  wing. 
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FIG  5 ANALYSIS  OF  DISTRIBUTION  OF  LIFT  ACROSS  THE  SP^N 


LI'.rWIBlITIUN  OF  PRESSURE  OVER  HIE  WING 


ft.1  Synthesis  of  spanwlse  distributions  of  lift  and  pressure  drag 

Distributions  of  pressure  lift,  or  simply  lift,  across  the  span  of  the  wing  are  shown  in  Fig  5.  It  is 
jeen  that,  for  both  wing  sweeps,  the  wind-on  distribution  displays  a pronounced  peak  in  the  vicinity  of  the 
nacelle  axis.  By  contrast,  the  residual  distributions,  which  are  derived  by  subtracting  the  wind-off  distri- 
butions from  the  wind-on  distributions,  are  much  more  uniform,  although  undulations  in  the  res i lual  curves 
are  in  evidence  close  to  the  axis  of  the  nae.  He.  Comparable  distributions  of  pressure  drag  Cp  are  shown  in 
Fig  6,  and  again  the  residual  distributions  are  more  even  than  the  corresponding  wir.d-ori  distributions.  The 
faot  that  the  peaks  in  the  wind-on  loads  are  largely  accounted  for  by  the  wind-off  loads  supports  the  conclu- 
sion of  section  4 that  the  distribution  of  the  direct  jet-reaction  under  wind-on  conditions  is  similar  to  thet 
under  wind-off  conditions.  Consequently,  the  residual  lift  may  be  considered  to  be  substantially  enuel  to  the 
lift  associated  with  the  circulation  of  the  main  flow  around  the  wing  section,  or  the  circulation  lift.  Simi- 
larly, it  seems  reasonable  to  expect  that  the  residual  pressure  drag  door,  not  differ  greatly  from  the  'circu- 
lation drag',  that  i3  the  drag  resulting  from  the  pressures  induced  at  the  wing  by  the  vortex  distributions 
which  may  be  used  to  represent  the  wing  and  the  jet.  Alternatively,  by  analogy  with  the  classical  jet  flap1', 
the  circulation  drag  may  bo  defined  as  the  induced  drop  minus  th  reduction  in  jet-reaction  thrust  due  to  the 
deflection  of  the  efflux.  Here  the  term  induced  drag  means  the  lo.  s of  thrust  due  to  the  exi  tense  of 
trailing  vortices  in  the  main  flow.  The  magnitude  of  the  circulation  drag  is  discussed  in  section  ft. 
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FIG. 6 ANALYSIS  OF  DISTRIBUTION  OF  DRAG  ACROSS  THE  SPAN 

5.2  Residual-lift  distributional  effect  of  thrust  and  Incidence 

The  effect  of  thruat  on  the  reaidual-Uft  distributions  is  clearly  demonstrated  in  Fig  7 which  shows  a 
significant  increase  in  residual  lift  due  to  thruat  for  both  wing  sweeps.  The  residual  lift  for  the  thrust- 
off  case  is,  of  course,  equal  to  the  measured  lift.  Not  surprisingly,  perhaps,  the  increase  is  greatest  in 
the  region  of  the  wing  corresponding  to  the  span  of  the  jet  at  the  flap  trailing  edge.  Presumably,  the 
increase  inboard  and  outboard  of  this  region  is  due  to  a combination  of  the  favourable  effects  associated 
with  the  increase  in  circulation  lift  in  the  region  spanned  by  the  jet,  and  the  circulation  around  the  jet 
downstream  of  the  flap  trailing  edge.ie  the  jet-flap  effect . 
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FIG  7 DISTRIBUTION  OF  REolDUAL  LIFT  ACROSS  THE  SPAN, 
THRUST  ON  AND  THRUST  OFF 


The  increment  in  residual  lift  due  to  thrust,  AC^,  is  shown  in  Fig  8 for  angles  of  incidence  of  0°, 
Uu  and  8°.  The  interesting  feature  of  these  results  is  that,  with  the  exception  of  a narrow  strip  on  the 
unswept  wing  adjacent  to  iq  = 0.4,  incidence  appears  to  have  only  a marginal  influence  on  the  magnitude  of 
the  increment.  To  some  extent  this  result  is  consistent  with  observations  made  by  Foster,  Irwin  and 
illiumsv  of  the  flow  over  an  aerofoil  with  a slotted  flap  but  without  jet  augmentation.  They  found  that 
incidence  does  not  affect  the  nature  of  either  the  inviscid  or  the  viscous  flow  over  the  flap.  Consequently, 
it  ueems  unlikely  that  an  increment  in  residual  lift,  due  only  to  the  boundnry-layer-control  effect,  would 
be  sensitive  to  incidence.  It  would,  however,  be  difficult  to  reconcile  the  insensitivity  of  the  residual- 
lift  increment  to  changes  in  incidence  with  the  existence  of  a powerful,  jet-flap  effect.  The  question  of 
the  magnitude  of  any  jet-flap  effect  is  considered  in  section  5. 
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FIG. 8 INCREMENTS  IN  RESIDUAL  LIFT  DUE  TO 
THRUST  FOR  VARIOUS  INCIDENCES 


sis  of  pressure  distributions 


The  method  of  analysing  the  load  distributions  into  a wind-on  distribution  and  a residual  distribution 
can  be  applied  to  the  pressure  distributions.  Fig  9 illustrates  such  a breakdown  for  the  unswept  wing,  the 
distributions  of  pressure  along  the  chord  line  of  each  element  being  plotted  on  staggered  axes  to  facilitate 
the  comparison  of  the  pressure  distributions  at  various  spanwlse  stations.  The  figure  reflects,  to  a large 
extent,  the  results  of  Figs  5 and  6 by  revealing  that  the  residual  presarres  are,  on  the  whole,  much  more 
uniform  across  the  span  than  the  wind-on  pressures,  particularly  on  the  jarts  of  the  wing  that  are  spanned 
by  the  jet.  With  the  exception  of  one  of  the  spanwise  stations  the  residual-pressure  coefficients  are  now- 
where  greater,  algebraically,  than  unity,  lending  further  support  to  the  notion  that  the  residual  lift  is 
essentially  equal  to  the  circulation  lift. 
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FIG  9 PRESSURE  DISTRIBUTIONS  OVER  UNSWEPT  WING  AND  ITS  HIGH-LIFT  DEVICES 


ANALYSIS 


In  this  section  consideration  is  given  to  the  origins  of  the  increment  in  residual  lift  due  to  thrust. 
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A*  do  tad  In  tha  Introduction,  this  Increment  Is  generally  attributed  to  two  effeota,  namely  the  Jet-flap 
effect  and  the  boundaiy-layer-control  effeot.  Section  6.1  deals  with  en  examination  of  the  former  effect 
whilst  an  assessment  of  the  latter  effeot  is  made  in  section  6.2  where  the  equivalent,  two-dimensional 
lift  due  to  circulation  la  dlsoussed.  Allied  with  the  study  of  the  Jet-flap  effect  is  an  investigation  of 
the  circulation  drag,  described  in  section  6.3,  the  aim  of  which  is  to  indicate  the  relationship  between 
the  drag  deriwd  from  the  classical  Jet-flap  theory  and  that  given  by  the  simpler,  thrust-deflector  theory. 
The  analyses  were  performed  for  the  unswept  wing  with  the  angle  of  incidence  4°  and,  unless  otherwise 
stated,  for  the  thrust-on  case. 


6.1  Jet-flap  effect 


The  Jet-flap  effect  is  related  to  the  spanwise  distribution  of  circulation  around  each  streamwise 
section  of  the  Jet,  Tj.  Appendix  A contains  the  method  used  to  estimate  this  quantity  which  can  be 
expressed  conveniently  as  a coefficient  of  'circulation  lift’  acting  on  the  jet  Cjr  a 2Tj/lto  c,  with  1^, 

J 

the  undisturbed,  mainstream  speed.  The  spanwisr  distribution  of  Cjj-  is  shown  in  Fig  10.  It  is  seen,  by 
comparing  this  figure  with  Fig  5,  that,  typically,  this  coefficient  is  small  compared  with  the  residual-lift 
coefficient  in  the  region  of  the  Jet.  This  suggests  that  the  increment  in  overall  circulation-lift  due  to 
the  Jet-flap  effect,  aC^,  , is  small  compared  with  the  overall  circulation  lift.  This  view  is  supported  by 

calculations  that  are  based  on  a method  described  in  Appendix  A,  These  calculations  yield  the  result 


AC 


IT 


0.10,  which  should  be  compared  with  (a)  the  overall,  residual-lift  coefficient,  n 3.5,  (b)  the 


increment  in  the  overall-lift  coefficient  due  to  thrust  AC,  ^ 1.2  and  (c)  the  inoement  in  the  overall, 
residual-lift  coefficient  due  to  thrust  aCtjj  o 0.6.  Thus  me  jet-flap  effect  accounts  for  only  a small  pro- 
portion of  both  the  residual  lift  and  the  incremental  lift  due  to  thrust,  and,  consequently,  it  would  appear 
that  the  majority  of  the  increment  in  residual  lift  can  be  attributed  to  the  bourd:  ry-V  "a  "-control  effeot. 
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6.2  Kqulvalent,  two-dimensional  lift  due  to  circulation 


Since  the  jet-flap  effect  appears  to  exert  only  a anall  influence  on  the  circulation  lift  it  seems 
reasonable  to  analyse  the  circulation  lift  by  using  the  thru  r,t-de  flee  tor  hypothesis,  that  is  by  disregarding 
the  jet-flap  effect  altogether.  The  circulation  lift  may  then  be  analysed  by  supposing  thut  the  excess 
momentum  in  the  jet  at  the  flap  trailing  edge  is  zero  but  that  the  spanwise  distribution  of  circulation  lift 
is  unchanged.  Standard,  lifting-surface  theories,  such  aj  that  due  to  Prundtl1',  may  be  used  to  determine 
the  equivalent,  two-dimensional  lift  due  to  circulation,  Cj,-,  at  the  same  geometric  incidence  as  the  wing. 
The  advantage  of  considering  the  sectional  circulation  lift  is  that  it  is  possible,  in  principle,  to  isolate 
the  direct  effeot  of  bound  ary- layer  control  from  the  indirect  effect  of  the  spanwise  lift  distribution. 


since  Prundtl*  s theory  is  standard  it  will  be  sufficient  to  state  here  that  the  coefficient  C.  follows 


readily  from  this  met!  given  the  sectional,  lift-curve  slope  and  the  dovmwash  angle  induced  at  the  wing  by 
the  trailing  vortices  shed  from  the  wing.  The  first  of  these  parameters  was  derived  from  the  Douglas-Peumann 
solution^  of  the  potential  flow  about  the  aerofoil  section,  whilst  the  second  was  found  by  using  Prondtl*  s 
assumption1^  that  the  downivash  angle  induced  at  the  wing  by  the  trailing  vortices  is  one  half  of  the  downwash 
angle  induced  by  them  far  downstream.  In  the  calculations  of  the  induced  downwash  angle  the  span-i.-e  distri- 
bution of  circulation  lift  was  taken  to  be  the  residual-lift  distribution  witli  some  modifications.  The  modi- 
fications involved,  firstly,  an  arbitrary  smoothing  of  the  residual-lift  distribution  in  the  vicinity  of  the 
axis  of  the  nacelle  in  order  to  remove  the  undulations  which  were  considered  to  have  resulted  from  effects, 
extraneous  to  that  of  the  wing-induced  circulation,  eg  thut  associated  with  the  presence  of  the  nacelle. 
Secondly,  the  residual-lift  distribution  was  extrapolated  in  a reasonable  manner  to  the  fuselage  axis.  Allow- 
ance for  the  influence  of  the  body  on  the  effective  incidence  of  the  wins;  was  mode  by  assuming  that  the  body 
may  be  represented  by  an  infinite  cylinder.  The  angle  of  incidence  of  the  cylinder  was  taken  to  be  the  geo- 
metric incidence  of  the  body  minus  the  downwash  angle  induced  at  the  wing-body  junction  by  the  trailing  vor- 
tices associated  with  the  modified  attribution  of  residual  lift.  This  correction  to  the  effective  inci  ience 
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of  the  wing  is,  in  fact,  very  snail. 

The  results  thus  obtained  for  fjj.  are  illustrated  in  Fig  11  for  the  Ihrust-off  case  us  well  as  the 
thmst-on  case.  There  they  are  compared  with  the  value  calculated  by  using  the  Douglas-Neumann  method1**, 
referred  to  above,  suitably  corrected  to  allow  for  the  effect  of  blockage  constraint  on  the  tunnel  dynamic 
pressure  and  the  influence  of  the  tunnel  walls  on  the  effective  incidence  of  the  wing  (section  3.2),  both 
assumed  to  be  uniform  across  the  span  of  the  wing.  This  comparison  shows  that,  in  the  region  of  the  wing 
spanned  by  the  Jet,  the  theory  and  the  thrust-on  curve  are  in  reasonable  agreement.  Inboard  and  outboard 
of  this  region,  however,  the  thruat-on  curve  lies  noticeably  below  the  theoretical  value  and  is  quite  close 
to  the  thrust-off  curve,  whioh,  as  expected,  is  reasonably  uniform  across  the  span.  This  is  consistent 
with  the  suggestion  that,  where  the  jet  exists,  it  energizes  the  boundary  layer  on  the  flap  upper  surface 
and  thereby  increases  the  effectiveness  of  the  flap.  Elsewhere,  the  flap  would  be  expected  to  be  less 
effective  and  to  exhibit  sectional  characteristics  similar  to  those  achieved  in  the  thrust-off  case. 

6.3  Circulation  drag 

Two  expressions  are  derived  in  Appendix  B for  the  circulation  drag  coefficient,  5^,-,  firstly  by  using 
the  jet-flap  theory  and  secondly  by  employing  the  thrust-deflector  hypothesis.  The  results,  which  are 
inferred  from  the  modified  distribution  of  residual  lift  and  the  wake-survey  data,  are  summarized  in  the 
table  below. 


Jet-Flap  Theory 

Thrust-Deflector 

Hypothesis 

0.595 

0.625 

It  is  seen  that  the  jet-flap  theory  predicts  a circulation  drag  that  is  slightly  lower  than  that  given  by 
the  thrust-deflector  hypothesis.  If  it  is  supposed  that,  to  a first  approximation,  the  jot-flap  effect  is 
equivalent  to  an  increase  in  the  effective  incidence  of  the  wing,  it  is  clear  that  toe  reduction  in  circula- 
tion drag  due  to  the  Jet-flap  effect  is  consistent  with  the  conclusion  that  the  Jet-flap  effect  is  respon- 
sible for  a small  increment  in  circulation  lift.  The  results  also  bear  the  expected  relationship  to  the 
residual,  pressure-drag  coefficient,  which  has  a value  of  0.64. 

7 CONCLUSICNS 

From  the  experimental  results  and  theoretical  analyses  presented  in  this  paper,  the  following  conclu- 
sions have  been  drawn: 

1)  The  presence  of  an  external  airflow  does  not  affect  the  turning  and  spreading  process  of  the  efflux  of 
the  engine.  Static  tests  may  therefore  be  used  to  define  the  direct  effect  of  the  efflux  on  the  loading  on 
the  wing  for  a wide  range  ol'  forward  speeds. 

2)  The  ef fe  it  of  changing  from  an  unswept  wing  to  a sweptback  wing  is  to  bias  towards  the  wing  tip  the 
spanwise  distribution  of  the  jet  flow  leaving  the  wing  trailing  edge,and  to  give  a non-zero  foroe  in  the 
spanwise  direction. 

3)  The  Jet-flap  effect  acoounts  for  only  a snail  proportion  of  the  overall  lift  increment  due  to  the 
engine  efflux. 

4)  The  jet  exerts  a boundary-layer-control  effect  on  wing  sections  within  that  part  of  the  wing  spanned 
by  the  jet,  so  that  they  generate  a lift  coefficient  of  the  order  of  that  predicted  by  inviscid  theory. 
Spanwise  carry-over  of  lift  leads  to  wing  sections  outboard  of  the  jet  span  experiencing  lift  ooeffioients 
greater  than  those  generated  in  the  thrust-off  case, 

3)  Jet-flap  theory  predicts  a slightly  lower  circulation  drag  than  the  thrust-deflector  hypothesis,  and 
this  is  consistent  with  the  observation  that  the  increment  in  circulation  lift  due  to  the  jet-flap  effeot  is 
small. 

These  conclusions  do,  of  jourse,  strictly  apply  only  to  an  aircraft  configuration  having  one  engine 
mounted  beneath  each  wing,  a moderate  flap  deflection  angle,  a gross  thrust  coefficient  of  approximately  one, 
and  no  artificial  spreading  of  the  jet  ahead  of  the  flap.  It  is,  however,  of  interest  to  consider  how  the 
last  three  conclusions  might  change  if  the  thrust  coefficient  were  increased.  As  the  turning  and  spreading 
prooess  is  the  same  for  static  conditions,  which  correspond  to  a thrust  coefficient  of  infinity,  and  for  a 
thrust  coefficient  of  one.  it  is  likely  to  be  the  3ame  for  intermediate  values  of  the  thrust  coefficient. 
Inviscid  jet-flap  theory1"  suggests  that  for  a wing  with  a jet-augmented  flap,  having  the  low  value  of  aspect 
ratio  which  would  correspond  to  ths  span  of  the  wing  affected  by  the  jet,  the  contribution  to  the  lift  due  to  toe 
jet-flap  effeot  increases  only  slowly  with  increasing  Jet  momentum,  once  a certain  minimum  value  of  the  Jet 
momentum  has  been  aohieved.  As  the  span  of  the  wing  affected  by  the  Jet  will  not  change  with  increasing 
thrust  coefficient,  and  the  lift  coefficient  generated  by  the  action  of  boundary-layer  control  oannot  exceed 
obe  lift  coefficient  c "responding  to  inviscid  flow,  it  would  seem  that  the  circulation  lift  will  not  increase 
markedly  with  Increase  of  thrust  coefficient.  It  follows  that  the  changes  in  lift  which  do  occur  will  result 
mainly  from  the  increase  in  the  direot  thrust  component.  Since  the  circulation  lift  will  then  become  a 
decreasing  proportion  of  the  total  lift  increment,  the  thrust-deflector  hypothesis  fbr  the  analysis  of  drag 
should  become  progressively  more  valid.  Thus,  to  end  on  a slightly  controversial  note,  it  night  be  concluded 
that,  if  the  term  'external-flow,  Jet  flap'  is  meant  to  imply  the  existence  of  a significant  Jet-flap  effeot, 
the  term  is  a misnomer. 
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APPENDIX  A 

EVALUATION  OP  MAGNITUDE  OP  JET-FLAP  EFFECT 


Tba  aim  of  this  Appendix  is  to  dssorlbs  tbs  method  used  to  avaluate  tbs  approximate  magnitude  of  the 
Jet-flap  effeot  for  the  unswopt  wing,  Beosuae  of  the  complexity  of  the  flow  It  la  neoessaiy  to  make  some 
radical  slap  Ilf  1 cations.  For  the  present  purpose  a suitable  framework  appears  to  be  the  'thin- jet*  method 
of  Masksll  and  Spence1',  which  is  based  on  the  linearised,  11  f ting- surf a oe  theory. 


The  Jet  is  assumed  to  have  negligible  spanwlse  oomponent  of  velocity.  Strictly,  this  is  known  to  be 
untrue  but,  as  Fig  4 implies , the  spanwlse  spread  is  least  where  the  Jet-reaotlon  forces  In  the  x and  s 
directions  are  greatest.  Thus  it  would  seea  reasonable  to  expect  that  the  errors  caused  by  this  assumption 
are  not  serious. 


Sinoe  it  is  assusied  that  there  is  sero  transport  of  momentum  in  the  Jet  in  the  spanwlse  direction  the 
strength  of  the  spanwlae  vortioes  simulating  the  Jet,  yji  depends  only  on  the  excess  momentum  flux,  J - Jm, 
and  the  ourvature  of  the  Jet,  respectively  in  streamwlse  planes.  Henoe  use  may  be  made  of  a result  given 
by  Spenoe'5  for  a two-dimensional.  Jet  flap,  which  in  the  present  notation  beoomes 


Yj  “ -i  C o ' 


where  s.  is  the  downward  displacement  of  the  Jet  relative  to  the  plane  i ■ 0,  and  C a (J  - Jn)/iplko2c. 
Thus  the  total  vortex  strength  or  circulation  around  eaoh  streamwlse  section  of  the*1  Jet  is  given  by 


rj  ” Yj  dx  . i Um  o (6j  + 


O » 


with  oj  • dsj/dx  | the  looal  Jet-def  leotion  angle  at  the  wing  trailing  edfp , o the  angle  of  incidence  of 
the  wing  and  the  induoed  downwash  angle  of  the  vortex  sheet  far  downstream. 


In  order  to  make  an  estimate  of  the  Induced  downwash  angle  at  infinity  the  following  assumptions  are 
■ids;  first,  the  influenoes  of  both  the  fuselage  and  nacelle  on  the  velocity  field  are  neglected;  second,  the 
tunnel-wall,  lift  effeot  is  ignored.  Consequently  it  is  found  that'' 


_L_  A 

2*U  dy 


j -^ay  , 

J y - y' 


r«  “ rw  ♦ rj  , (a.3) 

Tw  the  circulation  of  the  main  flow  around  each  section  of  the  wing  and  s the  semispan  of  the  wing. 


The  indications  of  sections  4 and  5 are  that  the  residual  lift  i3  approximately  equal  to  the  circula- 
tion lift;  in  other  words,  it  is  reasonable  to  write 


Therefore,  equations  (A.l),  (A.3)  and  (A. 4)  may  be  used  to  replace  equation  (A, 2)  by  the  expression 

s , 


c(0J  * a "aiJ 


JLd.  f V C^UJ  * a 

4*  dy  J y ~ y* 

-s 

. l-±f  dy' 

4x  dy  j y • y>  ** 


Equation  (A.5)  is  an  integral  equation  for  , the  terms  1^  - (Cx2  + Cz2)5  and  0j  - tan-1  (Cz/Cx)  being 
determined  from  the  wake  surveys,  and  Cj^  being  deduced  from  the  residual-pressure  distributions  in  the 
manner  outlined  in  section  €.2. 


The  solution  of  equation  (A. 5)  is  facilitated  by  replacing  me  integral  term  with  a Kulthopp  sum1^, 

so  that 

N-1 


<v  bj  - ^ + h (bw  [cp 0 (®j  + a - aiJ  1 - Y_  %[> 0 (9j  + a - aiJl ) • 


itoere  bvv  and  b arc  Multhopp  coefficients  * . This  expression  is  solved  by  an  iteration  scheme  which  is 
started  by  assuming  that  the  summation  terra  is  zero,  butisfactory  convergence  appears  to  be  obtained  after 
a small  number  of  iterations. 


By  using  the  spanwise  distribution  of  thus  derived  it  is  s traightforward  to  obtain  the  'circulation- 
lift  coefficient ' of  the  jet,  Cy,  = 2T  j/lk  c,  a typical  distribution  being  shown  in  Fig  10.  This  result 
does  not  lead  directly  to  the  circulation  lift  induoed  by  the  jet  sheet.  However,  to  obtui>,  an  estimate  of 
this  lift,  use  is  made  of  'the  second  interpolation  of  downwash'  due  to  Haskell  and  ..pence  1 , in  which  the 
jet  is  assumed  to  have  the  same  streamwlse  distribution  of  spanwise  vortices  ns  a two-dimensional  wing  of 


3 


I II. jULII^|IJl.M!IMUiip»a 


6 12 


ths  same  seotion  and  Jet  deflection  angle,  at  the  lnddenoe  (a  - a^)  and  with  the  Jet-momentum  coefficient 


cit/<'j  * • 


-*i>  . 


«ht.  * a Oj^/2  is  the  angle  of  inoidenoe  induced  at  the  wing  by  the  trailing  vortloee.  Additionally,  it 
is  aosusied  that  the  flap  system  oan  be  replaced  by  a plain  flap  whioh  (a)  is  of  the  same  chord  length  as  the 
combined  chord  length  of  the  eane-flap  and  (b)  is  deflected  through  the  angle  6j(y)  in  the  part  of  the  wing 
spanned  by  the  jet. 


The  rortex  distribution  of  the  Jet  haring  been  defined  use  may  be  rade  of  the  reve  roe -flow  theorem  of 
Ursell  and  Ward1®,  whioh,  with  y the  strength  of  the  spanwlse  vortices  and  w the  Induced  downwash,  may  be 
expressed  as 


w2  dx  dy 


I. 


i2 


dx  dy 


(A.6) 


£ denoting  Integration  over  all  vortex  elements.  Here  the  forward  motion  (suffix  l)  is  identified  with  the 
vortex  distribution  required  on  £ by  the  presenoe  of  the  Jet,  and,  for  the  reverse  motion  (suffix  2),  the 
wing  is  supposed  flat,  unblown  and  at  unit  incidence,  the  free-stream  speed  being  supposed  the  same  for  the 
two  oases  . Upon  substituting  the  appropriate  values  of  y and  w in  equation  (A.6)  it  is  found  that  the  incre- 
ment in  circulation  lift  due  to  the  jeb-flap  effect  is  given  by 


aC 
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( jj  (YiAJ  «kc  <Jy)/S,  • 2 ( J p2  (x,y)  g'  (x;  a - c^)  dx  dy)/S  , (A. 7) 


wing 


where  use  is  made  of  the  requirement  that  is  zero  at  the  wing,  in  order  to  ensure  that  the  wing  is  a 
streamsurface.  Additionally,  g'  is  the  non-dimensional  vortex  strength  derived  by  Spence1 7 for  a two- 
dimensional,  Jet-augmented  flap,  -1^,  f2  is  the  downwash  velocity  induoed  in  x > Xy,  suffix  J denotes  inte- 
gration across  the  span  of  the  Jet  and  S is  the  reference  planform-area  of  the  wing. 


An  examination  of  the  various  terms  in  equation  (A.  7)  shows  that  the  integrand  is  heavily  weighted 
towards  x ■ Xy.  According  to  Prandtl's  aerofoil  theory 'O  the  flow  Induced  by  the  reverse  motion  in  this 
region  comprises  the  two-dimensional,  flow  field  of  a flat  plate  at  an  angle  of  incidence  equal  to  the 
effective  incidence  ae  = Cjp/2x,  where  Cj^  is  the  local  lift  coefficient  of  the  wing  in  reverse  motion, 
superposed  on  the  near-field  flow  of  the  trailing  vortices.  Thus  by  referring  to  tables  of  complex-velocity 
functions1^  for  two-dimensional  flows  it  is  found  that,  with  x = 0 the  leading  edge  of  the  wing. 


ihere  the  last  term  is  the  contribution  of  the  trailing  vortices  in  the  near  field  of  the  wing.  Upon  sub- 
stituting this  expression  for  f2  in  equation  (A.7)  the  integral  with  respect  to  x is  recognised  as  an  inte- 
gral already  evaluated  by  Spence^,1  and  the  y integration  is  readily  performed  numerically  or  graphically. 
The  result  thus  obtained  for  the  incremental  circulation  lift,  dCjj  , due  to  the  Jet-flap  effect  is  0,18. 

APPENDIX  B 

EVALUATION  OF  CIRCULATION  DRAG 
B.1  JET-FLAP  THEORY 


The  analysis  of  this  appendix  is  based  on  the  assumptions  which  were  used  in  Appendix  A to  determine 
the  induced  downwash  angle  far  downstream.  Thus,  upon  referring  to  the  analogy11  between  the  wing,  with  a 
jet  sheet  downstream  of  the  flap  trailing  edgo,  and  the  wing  alone  but  with  the  same  spanwise  distribution 
of  the  circulation  it  is  readily  found  that  the  induced  drug  coefficient  is  given  by 

s 


Di 


2S  j 


c CL»  ai« 


Ay  , 


(B.1) 


where 


and 


CIx»  = CLT 


+ C a. 
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(B.2) 

(B.3) 


Alternatively,  by  reference  to  equations  (A.l),  (A.3),  (A.4),  (B.2)  and  (B.3),  equation  (B.l)  may  be 
rewritten  as 


Di 


= S f C l_CU  + C|i  (°J  + a)]  ai~ 


dy  . 


It  will  be  jecalled  that  the  circulation  drag  is  defined  as  the  induced  drag  minus  the  increment  j.n  jet- 
reuction  drag  due  to  the  deflection  of  the  efflux.  This  increment  is  readily  found  from  momentum  considera- 
tions to  be  given,  in  coefficient  form,  by 

a s 


DJ 


1 c C 1 - cos  (6j  + a)~!  dy  * ^ f c C (0j  + a)2  dy 
^ L _J  J 
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to  the  order  of  epprorloetlon  of  the  prooont  analyst*  which  la  baaed  upon  the  linearised,  lifting-surfaoe 
theory.  Therefore  thw  circulation  drag  ooofflolant  aay  bo  written  ae 

a 

cnr " sk  / 0 ( [cut  * cn  (#j  ♦ a)]  °i*,  • CM  (®j  ♦ a)2)  * • 

-a 

Kquation  (B.4)  la  evaluated  by  using  Multhopp's  aethod  of  Integration1 3 , and  the  tone  under  the  integral 
sign  are  either  those  used  In  or  thoae  derived  from  the  enalyala  of  Appendix  A. 

B.2  THRUST-DEFLECTOR  THEORY 

Aooording  to  the  thruet-defleotor  hypo  thw  ais  the  circulation  around  each  wtreaarlse  lection  of  the  Jet 
ia  aero.  Henoe  it  aey  be  inferred  from  equations  (A.l)  and  (A. 2)  that,  where  C^o  la  nonsero,  this  bypotheala 
require  a that 

®j  ♦ a - • 0 , (B.5) 

*nd  alpo  " ab»  " 0)  * (B,6) 

Therefore,  by  ooeblnlng  equations  (B.4),  (B.5)  and  (B.6),  It  ia  found  that  the  thruet-defleotor  hypo  the  ala 
leada  to  the  result 


D 

CDT  " h I c CI*  V (lJ  " 0)  ^ 


The  method  used  to  evaluate  this  expression  follows  that  enployed  to  derive  the  circulation  dreg  free  the 
jet-flap  theory. 
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SUMMARY 

An  invettigation  was  conducted  to  provide  detailed  information  on  the  aerodynamics  of  externally  blown  flap  systems,  and  to  establish 
the  correspondence  of  such  systems,  in  which  the  flap  is  blown  by  a jet  of  circular  cross-section,  with  two-dimensional  |et  flaps.  Wind 
tunnel  tests  were  conducted  with  a two-dimensional  hi^rvlift  wing  model  and  a tip-turbine  fan  having  a diameter-to-wmg  chord  ratio  of 
0.365.  A semi -empirical  2D  method  is  described  which  enables  the  application  of  Spence’s  theoretical  relationships  for  jet  flaps  to 
multi-element  airfoils.  A theoretical  2D  method  is  also  presented  which  is  an  extension  of  Spence’s  theory  to  thin  multielement  airfoils 
of  arbitrary  camber  and  a non-linear  jet  geometry  Good  agreement  was  obtained  between  calculations  with  these  methods  of  Cl  versus 
a tnd  experimental  data  for  the  externally  blown  flap  configuration  of  this  investigation.  The  measured  data  yielded  useful  empirical 
relatiorahips  for  estimating  the  two-dimensional  CLmax  *nd  Cd  These  relationships  together  with  the  above  agreement  between  theory 
and  experiment  suggest  that  an  externally  blown  flap  can  be  represented  by  an  equivalent  two-dimensional  jet  flap  system. 


NOTATION 


A 
C.c 
Ca 
cd 
acd 

Cf 
ci.i 

Cj 

cl 

ClCt-0 

CLr 

CLmax 

c4 

ACLCj 

AClv 

ACLi,Cj 

cm 

Cn 


Constant 

Wing  chord  ft. 

Axial  force  coefficient 
Drag  coefficient 

Increment  in  drag  coefficient  due  to  jet 

Flap  chord  projection  on  wing  chord 

Influence  coefficient  for  total  velocity  induced  at  i,h 
control  point  by  j,h  vortex  element 

Jet  momentum  coefficient  at  the  trailing  edge 

Lift  coefficient 

Lift  coefficient  at  zero  thrust 

Jet  circulation  lift  coefficient 

Maximum  lift  coefficient 

Direct  jet  reaction  lift  component 

Increment  in  lift  coefficient  due  to  jet 

Difference  between  potential  flow  and  viscous  flow 


CT 

cTq-o 


Cy 

D 

E 

Fa 

Fn 

L 


Increment  in  lift  coefficient  due  to  flap  deflection  l 
and  Ci 


Pitching  moment  coefficient  (Reference  0 . C) 

Influence  coefficient  for  normal  velocity  induced  at 
an  element 

Surface  pressure  coefficient 

Jet  thrust  coefficient  near  wing  ' ading  edge 

Thrust  coefficient  at  which  circulation  lift  equals 
potential  flow  lift 

Influence  coefficient  for  velocity  in  x-direction  at  an 
element 

Influence  coefficient  for  velocity  in  y-direction  at  an 
element 

Drag  Force  lb. 

Ratio  of  projected  flap  chord  to  wing  chord 
Axial  force  T a-T d lb. 

Normal  force  L-Tfj  lb. 

Lift  force  lb. 


M Number  of  vortices  representing  airfoil 

N Number  of  vortices  representing  jet 

Q,q  Dynamic  pressure  lb./ft.2 

rj  j Separation  distance  between  elements  i and  j %c 

R Resultant  force,  ^Fn2+Fa2  lb. 

R Right-hand  side  of  matrix  equation  (15) 

R Local  radius  of  curvature  of  jet  %c 

5 Distance  along  airfoil  surface  %c 

T Jet  thrust  lb. 

Ta  Axial  component  of  jet  thrust  lb. 

T,m  Normal  component  of  jet  thrust  lb. 

t Wing  tnickness  ft. 

Lx,Uj  Total  velocity  in  x-direction  ft. /sec. 

Ly  Total  velocity  in  y-direction  ft./sec. 

V.Uoo  Freestream  velocity  ft./sec. 

V j Total  tangential  velocity  at  an  element  ft./sec. 

x,y  Control  point  coordinates  %c 

xj,yj  Jet  origin  at  flap  trailing  edge  %c 

xv,yv  Vortex  point  coordinates  %c 

a Angle  of  incidence  degrees  or  radians 

T Circulation  strength  ft.2/sec. 

5*  Flap  deflection  angle  degrees  or  radians 

6j  Je*  deflection  angle  (angle  between  wing  chord  and 

direction  of  jet  at  trailing  edge) 

t Element  slope  in  x-y  coordinate  system 

i)  Jet  turning  efficiency,  R/T 

7'  Je*.  momemtum  loss  factor  due  to  friction 

9 F-ody  angle  relative  to  main  airfoil  chord 

Xa  Airfoil  vorticity  density 

Xj  Jet  vorticity  density 


degrees 
d T a/ds 
d r j/ds 


Angle  between  final  flap  segment  choid  and  direction 
of  jet  at  the  trailing  edge  degrees  or  radians 
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1.  INTRODUCTION 

Racant  mtar«*t  in  a turbofan  STOL  aircraft  for  ommarcial  and  military  applications  has  put  emphasis  on  the  development  of  various 
powered  lift  concepts.  In  such  concepts  turbofan  engine  power  is  used  to  augment  the  lift  normally  achieved  by  the  wing  and  flap 
system  alone  Two  of  the  most  promising  powered  lift  concepts  for  turbofan  STOL  application*  are  the  internally  blown  flap  IIBF)  and 
the  externally  blown  flap  IEBF) 

In  the  internally  blown  flap  system,  air  from  the  engines  is  ducted  through  the  wing  and  eject' d from  slots  along  the  wing  span  to  blow 
over  the  trailing  edge  flaps  The  jet  leeving  the  trailing  edge  with  a finite  momentum  induces  additional  circulation  lift  over  the  wing. 

In  the  externally  blown  flap  system,  use  is  made  of  the  efflux  of  a very  fiigr  bypass  ratio  engine  by  simply  deflecting  a slotted  flap  into 
the  engine  stream.  The  engine  air  in  interaction  with  the  flap  spreads  spanwise,  flows  through  slots  and  leaves  the  trailing  edge  with 
excess  energy  to  induce  additional  circulation  lift  over  the  wing. 

Each  system  has  its  ovwi  problems,  noise  being  a major  problem  common  to  both  However,  the  externally  blown  flap  is  the  simpler  of 
the  two  systems  since  it  eliminates  the  need  for  complicated  internal  ducting 

The  present  invention  was  undertaken  with  the  aim  of  providing  detailed  information  for  externally  blown  flap  systems  which  could 
be  used  both  for  the  desgn  of  optimum  high-lift  configurations  and  the  prediction  of  their  aerodynamic  characteristics. 

One  of  the  objectives  of  this  investigation  was  to  establish  whether  or  no;  the  externally  blown  flap  can  be  represented  by  an  equivalent 
jet  flap  system.  Moreover,  whether  two-dimensional  jet  flap  theory  can  be  applied  to  such  a system  where  the  flap  is  blown  by  a jet  of  a 
circular  cross-section. 


For  this  purpose  wind  tunnel  tests  were  conducted  with  a two-dimensional  wing  model  and  a relatively  large  engine  diameter  to  span 
ratio  aiming  at  a reasonable  jet  momentum  distribution  at  the  trailing  edge  In  addition  analytical  work  was  earned  out  which  included 
the  development  of  methods,  based  on  two-dimensional  jet  flap  theory,  for  predicting  the  aerodynamics  of  EBF  multi  element  airfoils 
application  ol  thase  methods  to  the  configurations  used  in  this  test,  and  correlations  with  the  experimental  results. 


This  paper  presents  a description  and  the  main  results  of  this  investigation. 

2.  WIND-TUNNEL  TEST 

For  the  wind-tunnel  inves»igation,  a 2 foot  chord  by  3-foot  span  high-lift  wing 
model  (NACA  64A211)  was  used  in  interaction  with  a jet  from  an  B-inch  diameter 
tip-turbine  fan  engine  The  engine  produced  ISO  pounds  of  static  thrust  at  a fan 
premjre  ratio  of  1.2  corresponding  to  a high  bypass  ratio  turbofan  jet  engine  The 
tests  were  conducted  at  the  NAE  6 by  9-foot  Low  Speed  Wind  Tunnel  in  Ottawa 
using  the  Canadair  2D  blowing  walls  which  provide  wall  boundary  layer  control  A 
description  of  the  2D  blowing  wall  facility  and  its  operation  is  given  in  Reference  1 
Figure  1 shows  the  test  installation. 

The  test  configurations  included  a Kruger  flap,  a Kruger  slat,  a slat  and  a droop  in 
conjunction  with  single-slotted,  double-slotted  and  triple-slotted  flaps  The  gap  sizes 
and  deflection  angles  of  each  leading  edge  device  and  flap  segment  were  optimized 
to  produce  the  highest  lift  coefficient  in  an  earlier  investigation  without  the  engine 
reported  in  Reference  1 . 

In  the  present  tests,  the  engine  model  was  isolated  from  the  wing  force  balance  and 
could  be  adjusted  to  either  a high  or  a low  position  and  one  of  three  tilt  angles,  0°, 
—3°  and  -6°.  Figure  2 shows  the  relative  engine  position  for  each  particular  leading 
edge  configuration.  Figure  3 shows  details  of  a typical  configuration  of  the  wing 
model  fitted  with  the  Kruger  slat  (L5)  and  double-slotted  flap  (TA235),  with  the 
engine  in  the  low  position  and  ti'ted  -6°  (Position  2A). 


Figurt  1 I nit  illation  of  highlitl  wing 

modal  and  turbina  fan  batwaan 
2D  blowing  walli 
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Figura  2 Portion  of  angina  nacalla  ralativa  to  tfw  various 
loading  adgat  of  axtarnally  blown  flap  wing  modal 
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The  engine  was  calibrated  to  dete:mme  the  jet  thrust  as  a 
function  of  engine  rotational  speed.  For  this  purpose 
measurements  were  made  both  with  strain  gauges  on  the 
engine  supports  and  with  wake  rakes  at  three  locations 
downstream  of  the  engine.  The  thrust  measured  by  strain 
gauges  was  found  to  be  about  equal  to  that  obtained  by 
integration  of  the  wake  rake  measurements  of  the  jet  flow 
near  the  wing  leading  edge  and  was  used  to  determine 
jet-thrust  coefficients. 

The  effects  of  wall  blowing  on  the  tunnel  dynamic  pressure 
in  the  working  section  were  investigated  and  found  to  be 
negligible  The  optimum  wall  blowing  rate  was  determined 
prior  to  the  test  on  the  basis  of  minimum  drag  for  each 
particular  configuration. 

Static  tests  were  made  to  determine  the  optimum  engine 
position  in  terms  of  jet  deflection  angle  and  turning 
efficiency,  and  the  jet  reaction  forces  on  the  wing  The 
wind-on  tests  were  made  at  a tunnel  free  stream  dynamic 
pressure  of  11  lb. /ft. 2 corresponding  to  a velocity  of  97 
ft. /sec.  and  a Reynolds  number  of  1 22  x 106  per  wing 
chord.  Each  configuration  was  tested  at  various  values  of 
thrust  coeffient  Cj  ranging  from  0 to  2.1.  In  the  zero  thrust 
condition  the  fan  was  driven  to  produce  an  average  jet 
dynamic  piessure  equal  to  that  of  the  tunnel  free  stream 
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Standard  correct 'on*  ware  applwd  to  the  power-off  date 
according  to  Reference  2 and  only  to  the  part  of  the 
power-on  data  due  to  circulation  (excluding  the  direct  jet 
effect)  according  to  Reference  3. 

3.  EFFECT  OF  WALL  SLOWING  ON  EXPERIMENTAL 
DATA 

Figure  4 shows  the  importance  of  the  wail  blowing  technique 
used  in  these  tests  for  obtaining  good  quality  data.  Wail 
blowing  appears  to  reduce  the  drag  and  increase  the  lift, 
CLnwx  and  lift  curve  slope  This  of  course  is  the  result  of 
eliminating  induced  drag  due  to  wall  flow  separation  and  its 
detrimental  effect  on  lift  At  70°  flap  deflection,  floor  flow 
breakdown  was  observed  to  be  caused  by  tet  impingement  on 
the  floor  Wall  blowing  improved  the  data  considerably  but 
could  not  eliminate  the  effect  of  floor  flow  breakdown. 
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Ftfur*  3 DvtMh  of  EBF  mod*t  wing  with  Krug*  slat  (L5)  and  doubla-ilottad 
flap  (TA235)  and  tip-tgrbina  fan  position  2A. 
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4.  EFFECT  OF  CONFIGURATION  DESIGN 
ON  AERODYNAMIC  CHARACTERISTICS 

In  general,  the  flap  designs  with  the  best  perfor 
mance  at  zero  thrust  were  also  the  best  with  jet 
blowing  for  a given  engine  position.  Triple-slotted 
flaps  achieved  the  highest  lift  increments  due  to 
jet  blowing  and  the  lowest  drag  coefficients.  The 
double-slotted  flap  with  a small  >ane  and  a large 
choid  rear  flap  (TA235)  was  only  slightly  lower 
in  high  lift  performance  than  the  triple-slotted 
flapv  Lower  pitching  moments  were  achieved  for 
the  same  total  flap  deflection  with  double-slotted 
flaps  than  with  triple  slotted  flaps.  And  for  flaps 
with  the  same  number  of  segments,  pitching 
moments  were  lower  when  the  rear  segment  was 
the  smallest  rather  than  the  largest. 
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a degr-es  c c Leading  edge  devices  with  the  best  performance 

at  zero  thrust  were  also  the  best  with  jet  blowing 
Figure  4 Effect  of  mil  Mowing  on  aerodynamic  characteristics  of  EBF  wing  with  slat  L5  ,Qr  3 9'ven  engine  position.  It  appears  that  large 

and  variout  Hap  configuration.  chord  leading  edge  devices  that  also  extend  the 

basic  wing  chord  like  the  L4  and  L5  will  be 
needeo  to  relieve  the  high  pitching  moment  of 
EBF  wings.  In  addition,  better  high  lift  performance  may  be  achieved  when  the  lower  surface  of  such  leading  edge  devices  is  smooth. 
The  best  performance  in  this  test  was  achieved  with  the  Kruger  slat  (L5I 


Figure  4 Eft  act  of  mil  Mowing  on  awodynanac  charactariitici  of  EBF  wing  with  Mat  L5 
and  varioui  Hap  configuration. 


5.  EFFECT  OF  ENGINE  POSITION 

Figure  5 shows  the  effect  of  engine  position  on  the  aero 
dynamic  • laracteristics  of  the  EBF  wing  with  Kruger  slat  (L5) 
and  double-slotted  flap  ITA235)  at  50°  flap  deflection.  It  can 
be  seen  that  the  highest  lift  was  obtained  with  the  engine  tilted 
-6°  in  a low  position  (2D)  which  permitted  a small  amount  of 
the  jet  flow  to  pass  over  the  top  of  the  wing.  Without  tilting  the 
engine  and  allowing  about  a third  of  the  engine  air  to  pass  over 
the  top  of  the  wing  (Position  51,  the  lift  increment  due  to  the 
jet  was  only  60  percent  of  that  in  Position  2D.  The  second  best 
appears  tc  be  again  a low  position  |2A)  with  the  engine  tilted 
-6°  at  which  the  entire  jet  flow  is  passing  (theoretically)  under 
the  wing. 
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The  lowest  lift  increment  was  obtained  with  the  engine  axis 

parallel  to  the  wing  chord  in  a low  position  (20.  This  is  an  505  10 1 15  20  25 

: a DEGREES  Cq  Cm 

interesting  case  where  the  lift  increment  due  to  the  jet 
compensates  the  difference  petween  the  experimental  and 

potential  flow  Cl  values  Of  this  configuration.  An  estimate  Figure1!  Effect  of  engine  position  on  eerodynemic  cherecferistics  of  EBF 
based  on  static  jet  turning  efficiency  and  jet  deflection  angle  wing  with  sietL5  and  double-slotted  flap  TA235ot  if  = 50° 

values  indicates  that  this  lift  increment  is  due  entirelv  to  the 
direct  jet  reaction  force  and  therefore  does  not  include  any 

increments  due  to  the  removal  of  the  viscous  effects  and  to  supercirculation.  In  this  position  the  jet  'mpacted  below  the  leading  edge  of 
the  rear  flap  so  that  there  was  no  jet  flow  through  the  slots  for  boundary  layer  control.  In  addition  about  two  thirds  of  the  jet  flow  was 
passing  directly  under  the  flap  trailing  edge  resulting  in  a jet  angle  of  21°  as  compared  with  50°  flap  angle. 


Figure  5 Effect  of  engine  position  on  aerodynamic  characteristics  of  EBF 
wing  with  slat  L5  end  double-slotted  flep  TA23S  et  if  = 50° 


Figure  5 show  s .h.v 
other  engine  pos..^ 


the  engine  in  position  2C  the  drag  was  lowest  a id  varied  in  a more  non-linear  fashion  with  lift  lhan  with  the 
ere  supercirculation  occurred.  The  drag  was  highest  with  the  engine  in  the  high  position. 


Pitching  moments  were  lowest  for  engine  position  2C  and  highest  for  position  2D  where  the  highest  lift  increment  was  achieved 


6.  EFFECT  OF  JET  BLOWING  ON  LIFT 


Figure  6 shows  lift,  drag  and  pitching  moment  characteristics 
obtained  in  the  tunnel  for  the  configuration  of  Figure  3 at  0°  and 
S0°  flap  angles  at  thrust  coefficients  Ct  ranging  from  0 to  2.12.  In 
addition,  calculated  two-dimensional  potential  flow  Cl  versus  o 
curves  are  shown  for  the  same  configurations  including  naceiie 
interference.  The  calculations  were  performed  with  the  surface 
vorticity  computer  method  described  in  Reference  1 by  using  an 
exact  airfoil  geometry  and  an  equivalent  system  of  two- 
dimensional  bodies  representing  the  axisymmetric  nacelle.  The 
latter  w«re  obtained  by  transformation  of  coordinates  using  the 
hydraulic  analogy  as  in  Reference  4. 

It  can  be  seen  that,  for  the  flaps-up  configuration  (4f»0°),  where 
the  viscous  effects  are  comparatively  small,  there  is  litt'e  differ- 
ence between  potential  flow  theory  and  experiment.  At  £0°  flap 
deflection  at  zero  thrust,  the  viscous  effects  are  large  as  indicated 
by  the  difference  between  potential  flow  and  experimental  data. 

Figure  7 shows  how  the  experimental  lift  coefficient  varied  with 
thrust  coefficient  at  constant  angle  of  attack  for  the  configuration 
of  Figure  3 at  50°  flap  deflection.  Also  shown  is  the  two- 
dimensional  potential  flow  value  of  this  configuration  with  nacelle 
interference. 
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Figure  8 Experimental  deta  showing  aerodyne mic  cherecteristiea  of  EBF 
wing  configuration  of  Figure  3,  S f ■=  50°,  et  various  values  of 
Ct.  and  comparison  with  potantial  flow  lift  coefficients 


In  Figure  7 we  see  first  a region  in  which  viscous  effects  are 
gradually  reduced  with  increasing  Ct  until  at  Ct=0.24  the 
circulation  lift  of  this  configuration  reaches  its  potential  flow 
value.  The  total  Cl  at  this  point  is  higher  by  the  amount  of  ‘v  Ct 
sin  (4j+«)  representing  the  direct  jet  reaction  lift.  The  average  jet 
momentum  coefficient  at  the  trailing  edge  Cj  is  assumed  to  be  zero 

at  Ct*0.24  for  this  configuration.  An  increase  of  Ct  beyond  this  value  would  then  result  in  the  jet  leaving  the  trailing  edge  with 
momentum  Cj-CT-CT(Ci-O)  and  acting  as  a jet  flap.  As  Cj  increases,  there  are  additional  losses  ACj  caused  by  friction  due  to  scrubbing 
of  the  jet  over  the  flap  Surfaces.  These  losses  are  proportional  to  the  Cj  increment  and  amount  to  2-3  percent  of  Cj.  They  can  be 
accounted  for  by  a factor  v'  - (Cj-ACj)  / Cj. 


In  the  jet  flap  region  we  may  consider  the  experimental  lift  coefficient  as  consisting  of  the  following  four  components: 

(a)  a basic  lift  coefficient  at  zero  thrust  Cl(Ct"0) 

(b)  a component  of  lift  due  to  the  function  of  the  jet  in  eliminating  viscous  effects 

’ CT(Cj.o),in(Sf  *a)*  Vf.  _Cl(Ct-o) 


Ct 
O O 
O 0 388 
□ 1.19 
A 2.12 


O • 6° 


(c)  a direct  jet  reaction  component  CLj“i'Cj  sin(oj+ai 


Figurv  7 Revolution  of  extern*)  flow  jet-flap  lift  into 
components.  Configuration  of  Figure  3 
«f-60°. 


(d)  a component  due  to  supercirculation  induced  by  a jet  with  an  average 
momentum  coefficient  »?'Cj*’?'  [CT-CT(c  -o)]and  deflection  angle  tj  at  the 
trailing  edge.  * 

Figure  8 shows  the  variation  of  thrust  coefficient  CT(Cj-O)  at  which  potential  flow 
lift  was  achieved  with  the  configuration  of  Figure  3 at  various  flap  deflections  and 
constant  angle  of  attack.  These  thrust  coefficients  were  used  to  determine  the  values 
of  jet  momentum  coefficient  at  the  trailing  edge  Cj  for  the  wind-on  condition.  The 
latter  were  subsequently  used  in  conjunction  with  values  of  tj  from  static  tests  for 
the  prediction  of  the  lift  coefficients  of  the  test  configurations. 

7.  MAXIMUM  LIFT  COEFFICIENTS 

Correlations  of  the  experimental  maximum  lift  coefficients  were  based  on  the 
relationships  developed  for  flapped  airfoils  by  McRae  (Reference  5)  and  for 
jet-flapped  airfoils  by  Foster  (Reference  6).  Reference  5 shows  that,  for  airfoils 
having  a leading  edge  type  of  stall,  the  increments  in  CLmax  due  to  flap  deflection 
in  two-dimensional  flow  are  approximately  one-half  of  the  increments  in  Cl  (due  to 
flap  deflection)  ata«0°.  By  applying  the  same  hypothesis  to  Spence's  jet-flap 
theory,  Reference  6 derived  the  following  analogous  relationship  for  jet-flapped 
airfoils  in  two-dimensional  flow: 


C'-max  “ 


ax  ,5-0 
Cj-o 


* I "Vc,  • I. 


m 


where  ACl  j ^ is  the  lift  increment  due  to  both  flap  deflection  and  jet  momentum 
and  ACLq  the  increment  in  Cl  due  to  jet  momentum  for  the  deflected  flap 
configuration,  with  both  ACl  terms  evaluated  at  the  stalling  incidence  as. 
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Figure  B Thrutt  coefficient  et  which 
potential  flow  lift  wai  achieved 
for  configuration  of  Figure  3 at 
verkxii  flap  anglei  and  a =■  6°. 


A more  convenient  and  perhaps  more  accurate  theoretical  expression  tor  CLmax  may  be 
obtained  by  considering  Equation  (Din  terms  of  AClj  q and  AC|_q  at  a"0°.The  resulting 

expression  using  terms  from  Spence  (Reference  7)  is: 

C*m«x  “ CUwx,6-0  (1+FB»>+  * + ^Cj^-O0  (2> 

Cj  _o 

where  ^Bo--jL  <1.152  + 1.106  Cj*  + 0.051  Cj) 

which  for  0.5  < Cj  ^ 5.0  may  be  replaced  by  ^ Bo  = 0.276  Cj0-826 

Figure  9 shows  a plot  of  CLmax  versus  the  expression  within  brackets  of  Equation  2 using  the 
experimental  data  of  Figure  6 and  values  of  the  AC|_  terms  at  a = 0°.  Where  necessary  the 
experimental  data  were  adjusted  to  correspond  exactly  to  Cj  values  of  0,  1.0  and  2.0.  It  can  be 
seen  that  the  experimental  data  form  separate  curves  of  constant  Cj  which  have  a common 
origin  at  If  » 0°  and  Cj  ■ 0,  and  a distinct  bend  between  0°  and  30°  flap  angle.  The  first  part 
of  the  curves  may  have  a slope  of  1.0  or  higher  indicating  a trailing  edge  type  of  stall 
(Reference  5).  The  second  part  has  a slope  of  1/2  as  predicted  by  Equation  2 for  a leading-edge 
type  of  stall  in  two-dimensional  flow.  The  vertical  spacing  of  the  experimental  Cj  lines  is  of  the 
order  of  0.276  Cj0-826  CLmax  t»o  as  indicated  by  theory  in  Equation  (2).  It  should  be 

C,-0 

pointed  out  that  CLmax  ( = 0 is  the  leading  edge  stall  CLmax  which  in  this  case  is  hypothetical 

c,  «0 

and  can  be  found  by  extending  the  Cj  “0  line  with  slope  1/2  to  the  zero  flap  case  ( Reference  51 


The  slightly  lower  CLmax  values  at  70°  flap  deflection  are  believed  to  be  due  to  the  effect  of  jet  impingement  on  the  floor  at  the  higher 
values  of  Ct  combined  with  a high  angle  of  incidence.  At  zero  thrust  coefficient,  CLmax  appears  to  collapse  just  below  50°  flap 
indicating  that  the  maximum  flap  angle  (with  which  highest  Cl  is  achieved  at  a « 0° ) has  been  exceeded.  However,  flap  effectiveness  at 
50°  and  70°  is  restored  by  applying  sufficient  blowing  for  boundary  layer  control  (Ct  >0,  Cj  * 0)  as  shown  in  Figure  9. 

8.  DRAG  INCREMENT  DUE  TO  EXTERNAL  BLOW1  NG  OF  THE  12  °| 1 1 1 1 1 1 

FLAP  ' 

The  results  of  this  investigation  show  that  the  drag  increment  due  to  IO  O 1 [ . , . 

external  jet  blowing  correlates  well  with  the  following  empirical  I 0 

relationship  cLm„  1 ' 

ACn  - C[j  - Co*  . K Cj  T sin2(Sf  + a)  ♦ sin2(  r )1  (3)  so s,  j 

■ L ' J 
where  r«|tj-tf  | with +sin2r  used  when  6j>6f  and -sin2r  when  6j<6f. 

K is  an  empirical  factor  which  was  round  to  vary  with  engine  eo — — 1 

position  approximately  as  shown  in  Tabic  1.  L * Jt* ] 

/> 


TABLE  1 


ENGINE  POSITION 


2A  LOW 


ENGINE  TILT  ANGLE 


2B  LOW 
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C.-2  0 
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$370° 
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LOW  but  higher  than  2A 


p— — - ACq  * Cx[lin2(4f-Mll  - «in2(  If  _ 1,1] 
l SYMBOLS  REPRESENT  W.T.  DATA  <sv 


6°  7CR  67° 
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Figure  10  Total  drag  incremant  dua  to  iat  blowing  EBF  son- 
figuration  of  Figure  3.  Correlation  of  axptrimental 
data. 


i^cu4,Cjt)tAcLcjia-o0 

Figure  9 Maximum  lift  eoafficianti  rerun  lift  increments  at  a = O 
externally  blown  flaps  of  Figure  3. 

It  appears  that  K represents  the  fraction  of  jet  flow  that  is  in  direct 
interaction  with  the  flap  and  may  therefore  depend  on  such 
parameters  as  jet-diameter-to-flap-chord  ratio  and  relative  engine 
position  and  inclination  to  the  wing  chord,  as  well  as  the  number  of 
slots  in  the  flap. 

Figure  10  shows  good  agreement  between  the  experimental  data  with 
the  engine-airfoil  configuration  of  Figure  3 and  calculations  using  K 
= 1 .0  with  Equation  (3).  The  experimental  data  at  70°  flap  angle  are 
believed  to  include  a vortex  drag  component  (not  accounted  for  by 
Equation  (3))  due  to  low  separations  from  the  tips  of  the  rear  flap 
segment  observed  during  the  test.  Figures  11  to  15  are  photographs 
of  flow  visualizations  made  during  the  test  with  the  configuration  of 
Figure  3 at  50°  and  70°  flap  deflection.  Figure  14  shows  for  the  70° 
flap  at  Cj  = 0.387  large  areas  of  flow  separation  (dark  areas  adjacent 
to  the  walls).  At  Ct  = 2.08  (Figure  15)  the  flow  over  the  flap 
improved  considerably  but  flow  separation  was  not  completely 
eliminated.  At  50°  flap  angle,  flow  separations  from  the  flap  were 
observed  at  low  Ct  and  high  a (Figure  12)  but  at  Cj  = 1.0  (Figure 
13)  there  was  already  no  separation  visible. 

An  empirical  relationship  for  the  axial  force  derived  from  Equation 
(3)  is 

CA.CT-C0  .(I  - K)Ct+K  C^cos^fif  + a)Tsin2  ']- CDCj_0  «> 
where -sin2r  is  used  when  4j>4f,  and +sin2r  when6j<6f. 


Figure  11  Flow  visualization,  leading  adga  EBF 
wing  o.'  Figura  3.  i f = 50°,  a = 12° 
and  Cr  > 0.396. 


Ftgura  12  Flow  visualization,  flaps  EBF  wing  of 
Figura  3, if  ■ 50*.  a=12® 
and  CT  - 0.396 


Figura  13  Flow  visualization,  flaps  EBF  wing  of 
Figure3.it  = 50°,  a=  12° 
and  CT  ■=  1.0 


Figura  14  Flow  visualization,  flaps  EBF  wing  of  Figura  3,  if  « 70s, 
a = 10“  and  Cr  = 0.387. 


Figura  15  Flow  visualization,  flaps  EBF  wing  of  Figura  3.  if  ■ 70°, 
a = ID"  and  Ct  = 2.08. 


9.  EFFECT  OF  NACELLE  AND  JET  ON  CHORDWISE  PRESSURE 
DISTRIBUTION 

Figure  16  shows  potential  flow  pressure  distributions  for  the  configuration  of 
Figure  3 at  50°  flap  with  and  without  nacelle  interference.  Also  shown  for 
comparison  are  experimental  surface  pressures  at  mid  span  of  the  wing  with 
nacelle  at  zero  thrust  coefficient.  At  the  bottom  surfaces,  positive  Cp  values 
higher  than  1.0  are  caused  by  velocity  peaks  in  the  jet  flow  exceeding  the  average 
jet  velocity  which  was  set  to  be  equal  to  the  tunnel  free-stream  velocity.  The 
theoretical  method  appears  to  predict  well  the  effect  of  nacelle  interference  which 
alters  the  slat  pressure  distribution  considerably.  The  remaining  differences 
between  theory  and  experiment  may  be  attributed  to  viscous  effects. 

It  was  stated  before  that  the  viscous  effects  were  reduced  with  increasing  Cj  until 
at  Ct  = 0.24  the  circulation  lift  of  this  configuration  equaled  its  potential  flow 
value.  To  check  the  validity  of  this  statement  a comparison  of  potential  flow 
pressure  distribution  with  experimental  data  at  Cj  of  0 and  Ct  = 0.396  (closest 
to  Cy  * 0.24  available  data)  is  presented  in  Figure  17.  At  Ct  = 0.396  the  jet  is 
supposed  to  leave  the  trailing  edge  with  jet  momentum  Cj  =0.15  which  induces  a 
small  amount  of  lift  due  to  supercirculation  (C|_r=  0.34).  The  experimental  Cp  s 
are  therefore  expected  to  be  slightly  higher  in  absolute  values  than  the  potential 
flow  ones.  In  effect  the  experimental  data  at  Ct  - 0.396  arc  almost  identical  to 
the  potential  flow  ones  at  the  main  airfoil.  At  the  upper  slat  and  flap  surfaces,  the 
experimental  data  show  higher  suction  and  at  the  lower  flap  surfaces  they  show 
high  positive  pressures  due  to  jet  impact. 
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Figurv  16  Companion  of  exparmantal  pressure  distri- 
bution at  zaro  Ct  with  potantial  flow  raiulti 
for  configuration  of  Figura  3,  i f - 50". 


Similar  results  are  shown  in  Figure  18  for  the  same  configuration  just  before  the  stalling  angle.  Notice  that  negative  Cp  s increase  faster 
with  Ct  at  the  flaps  than  the  rest  of  the  wing.  This  is  probably  due  to  centrifugal  forces  caused  by  a certain  amount  of  jet  air  flowing 
over  the  upper  flap  surfaces. 
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Figuia  17  Comparison  of  potential  flow  prataura  diitribution 
with  experimantal  data  at  zaro  and  low  Cy  for 
configuration  of  Figura  3,  if  ■ 50°. 
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Figure  18  Experimental  pretiura  diitributiom  at  various  values 
of  Ct  in  comparison  with  potantial  flow  rasults  for 
configuration  of  Figura  3.  if  ‘ 50". 
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Th«  positive  surface  pressures  of  the  flaps  corresponding  to  the  results  of  Figures 
17  and  18  are  shown  separately  in  Figure  19. 

Figures  17,  18  and  19  show  that  with  increasing  Ct  the  load  incieases  faster  at 
the  flaps  than  the  rest  of  the  wing.  The  effect  is  a shift  of  the  center  of  pressure 
towards  the  trailing  edge  associated  with  large  negative  pitching  morrents  (See 
Figure  6.) 

10.  EFFECT  OF  NACELLE  AND  JET  ON  SPANWISE  PRESSURE 
DISTRIBUTION 

Figure  20  shows  the  spanwise  distribution  of  surface  pressures  corresponding  to 
those  of  Figures  18  and  19.  They  were  obtained  at  Ct  of  2.12  for  selected 
chordwise  locations  representing  pressure  peaks,  and  one  at  0.4  c representing  the 
average  over  the  main  section.  Figure  21  gives  an  approximate  picture  of  the 
spanwise  load  distribution  based  on  ACp  of  upper  and  lower  surface  at  the 
selected  chordwise  locations.  These  distributions  are  shown  to  be  symmetrical 
about  the  wing-nacelle  axis  on  the  basis  ot  flow  visualizations  (see  Figures  11  to 
15). 

The  results  of  Figures  20  and  21  may  be  summarized  as  follows: 

Just  above  the  jet  there  is  a region  of  strong  interference  due  to  the  nacelle  and 
the  jet  which  extends  spanwise  a little  more  than  one  jet  diameter.  Within  this 
region  the  nacelle  and  the  jet  appear  to  reduce  the  local  angle  of  incidence  at  the 
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Fifura  19  Experimental  prtatur*  distributions  over 
lowtr  surfaces  of  vane  and  flap  at  various 
values  of  Ct  for  configuration  of  Figure  3, 
6f  « 60° 
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Figure  20  Spanwise  distributions  of  experimental  surface 
pressures  for  selected  chordwise  locations  of  E8F 
wing,  configuration  of  Figure  3,  6f  * 50“ 


Figure  21  Spanwise  load  distributions  for  selected  chordwis) 
locations  of  EBF  wing,  configuration  of  Figure  3, 

6f m 50* 


leading  edge  while  the  jet  appears  to  increase  it  at  the  flaps.  These  effects  decay  spanwise,  first  rapidly  and  then  (outside  this  region) 
more  gradually  until  they  become  negligible  at  two  jet  diameters  from  the  jet  axis. 

The  interaction  of  the  jet  with  the  flaps  results  in  very  high  positive  pressures  due  to  jet  impact  at  the  lower  flap  surfaces  and  additional 
suction  at  the  upper  flap  surfaces  due  to  jet  air  flowing  through  the  slots.  At  the  bottom  surface'  the  jet  flow  accelerates  spanwise 
quickly,  resulting  in  high  negative  Cp's  just  outside  the  region  of  direct  impact.  The  spanwise  load  distribution  on  the  flaps  has  a peak 
value  at  the  jet  axis  and  decreases  to  a lower,  almost  uniform  loading  at  about  one  jet  diameter  on  each  side  of  the  jet  axis. 

11.  PREDICTION  METHODS  FOR  MULTI  ELEMENT  AIRFOILS  WITH  JET-BLOWN  FLAPS 

For  the  comparison  of  the  experimental  results  of  this  investigation  with  theory,  a method  was  first  needed  for  multi  element  airfoils 
with  a jet  flap.  An  obvious  choice  for  a simple  method  was  Spence’s  two-dimensional  jet-flap  theory  (References  7,  8 and  9).  An 
investigation  of  the  applicability  of  Spence's  method  revealed  that  a simplified  representation  of  a multi-slotted  flap  by  a single  plate 
flap  element  cannot  give  reasonable  results.  For  example,  the  lift  coefficient  for  a given  total  flap  deflection  may  vary  between  two 
double-slotted  flaps  with  a different  vane-to-flap-chord  ratio  while  with  Spence's  method  only  one  value  can  be  obtained.  Spence’s 
method  gives  also  one  value  of  lift -curve  slope  for  all  airfoil  configurations  at  Cj  ■ 0 while  potential  flow  theory  shows  a decreasing 
value  of  lift -curve  slope  with  increasing  flap  deflection. 

One  approach,  therefore,  was  to  find  a more  reasonable  representation  of  the  airfoil  geometry  so  that  the  results  of  Spence's  theory 
would  still  be  applicable.  Another  approach  was  to  develop  a two-dimensional  non-linear  jet-flap  method  for  thin  cambered 
multi-element  airfoils  with  correct  jet  shape  representation.  These  two  methods  are  described  below. 


11.1  Semi-Empirical  Method 

For  two-dimensional  inviscid  flow,  the  theory  of  References  7,  8 and  9 gives  the  following  expression  for  the  lift  coefficient  of  a thick 
jet-flapped  airfoil  of  t/c  thickness  ratio. 


(5) 
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The  derivative  dC|_/^f  is  a function  of  flap-chord  ratio  E and  jet  momentum  coefficient  Cj  while  dC\_/dr  and  9Cl/3«  are  functions  of 
jet  momentum  coefficient  only.  Theoretical  values  of  these  derivatives  are  given  in  Reference  7 where dC|_/dr  is  the  same  asdC|_/dfy 
for  E 0 (pure  jet  flap)  and  dQ\_/da  the  same  as  dC\_/dif  for  E * 1.0.  Following  the  same  approach  of  linear  superposition  as  in 
Equation  (5),  it  seems  reasonable  to  assume  that  for  a slotted  flap  with  up  to  three  elements  the  following  expression  would  apply  if  a 
representative  flap-chord  ratio  could  be  defined  for  each  flap  element. 

sf  - «fl  dii.  ♦ ♦ «f,  dJj- 
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It  was  found  empirically  that  representative  flap-chord  ratios  could  be  defined  by  faking  the  projected  chord  of  each  flap  element 
separately  in  proportion  to  the  wing  chord  ahead  of  the  flap  element.  For  example,  a representative  jet  flap  model  for  the 
double-slotted  flap  configuration  of  Figure  3 is  shown  in  Figure  22. 


On  the  basis  of  this  model,  the  individual  flap  element-to-wing  chord 
ratios  are  E,  cfi/cj  and  E,  cf2/c.  For  these  values  of  E,  and  E, 
one  may  obtain  the  corresponding  values  of  dCt/Mf,  and  for  E = 0 the 
value  of  dC|_/dr.  For  if i and  Sf2  one  must  use  the  true-chord 
deflection  angle  of  each  flap  element.  The  jet-flap  angle  in  this  case 
r-ij  . Sf2  with  5;  being  the  value  of  jet  deflection  angle  as  determined 
from  static  tests.  Since  in  this  case  £j<6f2|r  is  negative. 

In  addition  it  was  found  empirically  that  a better  value  for  the  term 
(l  + 1)  £C[_  in  Equation  (5)  could  be  obtained  by  using  the  potential 
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flow  lift -curve  slope  of  the  exact  configuration  without  jet  and  the 
increment  A('jB-)  due  to  jet  as  calculated  by  Spence,  i.e., 
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Figure  22  Flat-plate  airfoil  jot-flap  modal  for  configuration  of 
Figure  3 
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Therefore  the  new  expression  for  the  lift  coefficient  corresponding  to  that  of  Equation  (5)  for  the  case  of  a double  slotted  flap  is 

CL  - (l  + t)  f 5f  £C(_  + Sf  £CL  + r dCL  j + „ (£CL)  _ 1 Cj  («J  + „)  ( 

C 1 <Wf  2 dS^  d,  da  t c 

with  (££l)  given  by  Equation  (7). 
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11.2  Theoretical  Method 

A two  dimensional  incompressible,  inviscid  flow,  thin-airfoil  method  has  also  been  developed  to  calculate  the  aerodynamic 
characteristics  of  multi  element  jet  flapped  airfoils.  The  method  is  an  extension  of  Spence's  theory  (Reference  7)  satisfying  the  Laplace 
equation  while  retaining  the  non-linear  character  of  the  governing  equations. 

There  are  at  least  two  known  methods  whl^h  are  extensions  of  Spence's  theory.  Reference  10  uses  a distribution  of  discrete  vortices  on 
the  camberline  and  describes  the  non-linear  jet  geometry  by  closed  form  expressions.  Only  single  flat-plate  airfoils  have  been  treated 
with  this  method  (Reference  10).  Reference  1 1 trears  the  problem  of  multi-element  airfoils  interacting  with  thick  two-dimensional  jets. 
Linear  distributed  singularities  are  placed  on  airfoil  camberlines  and  jet  boundaries.  Jet  geometry  is  determined  iteratively  by  satisfying 
the  exact  boundary  conditions.  Again  only  examples  of  flat-plate  airfoils  are  shown  in  Reference  1 1 . 

The  present  method  is  based  on  a discrete  vortex  representation  of  a continuous  vorticity  over  the  actual  airfoil  camberline  and  jet 
centerline.  These  lines  are  divided  into  small  elements  each  having  a discrete  vortex  at  the  element  1/4  chord  representing  the  average 
load  over  the  element,  and  a control  point  at  the  3/4  chord. 

Figure  23  shows  the  vortex-element  representation  of  a single- 
slotted  flag  airfoil  with  a slat  and  a jet  issuing  from  the  trailing 
edge.  All  coordinates  are  referenced  to  an  x-y  system  whose  x-axis 
is  aligned  with  the  freestream.  The  unknown  airfoil  vortex 
strengths,  and  therefore  the  loading,  are  determined  by  requiring 
the  sum  of  the  normal  velocities  induced  by  all  the  airfoil  and  jet 
vortices,  and  that  of  the  freestream  at  each  control  point  of  the 
airfoil  and  the  jet  to  be  equal  to  zero.  Since  the  jet  shape  is 
unknown,  an  iterative  scheme  is  used  to  obtain  the  jet  geometry 
and  loading.  The  iterations  begin  by  assuming  an  initial  jet 
geometry  in  the  form  of  a curvature  distribution  which  directly 
determines  the  jet  loading,  and  the  calculations  procedure  can 
then  start  During  the  iterations,  the  jet  elements  are  adjusted  to 
align  themselves  with  the  local  total  induced  velocity  vector. 

The  basic  equation  to  be  solved  is 


Figure  23  Vortex-element  representation  of  • three-segment  airfoil  with  a jet 
flap  and  induced  velocities. 
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where  Xa,  X|  are  the  airfoil  and  jet  vortex  loading  densities  (dD'ds)  respectively,  Cm  is  the  influence  coefficient  of  the  normal  induced 
velocities  on  the  airfoil  surface,  < the  local  airfoil  surface  slope  angle  and  a the  angle  of  attack. 

For  the  representation  of  Figure  23,  Equation  (9)  is  transformed  into  a system  of  linear  equations  which  after  separating  the  known  and 
unknown  parts  is 
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Cx  and  Cy  are  the  x-  and  y-  components  of  the  total  velocity  v induced  by  vortex  k or  n of  unit  strength  at  the  i(h  element,  i.e. 
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Equation  (10)  re-written  in  a matrix  notation  is 


from  which  Xa  can  be  solved  by  inverting  [Cfsi ]-  Solution  of  Equation  1 15)  ensures  that  the  boundary  condition  of  zero  normal  velocity 
is  satisfied  on  the  airfoil  and  that  the  Kutta  condition  is  also  met  at  the  trailing  edge  of  each  body,  except  that  shedding  the  jet. 

To  start  the  calculation  procedure,  an  initial  shape  for  the  jet  is  formulated  from  the  following  function 


where 


^ - M log{x  -Xj ) - log(x)  ) 
A . -(  tan  a + tan  Sj  ) / 2-  45 


(16) 


The  iterations  proceed  with  calculation  of  airfoil  loading  corresponding  to  a given  jet  geometry  and  subsequent  determination  of  the 
velocity  slope  at  each  jet  control  point.  The  current  jet  shape  is  than  adjusted  to  the  local  velocity  by  using 


*(£*)-  fc  ( - t>) 

dx^  dU?  dx^ 


(17) 


where  fc  is  a relaxation  factor  (0<fc<0.5)  which  is  varied  during  iterations  to  keep  the  evolving  jet  geometry  smooth.  Typical  jet  wakes 
extend  to  four  chords  downstream  of  the  trailing  edge  to  where  the  loading  is  reduced  to  less  than  2%  of  that  on  the  first  jet  element. 

Convergence  is  achieved  when  one  of  two  criteria  is  met.  The  first  is  based  on  the  difference  in  curvature  at  each  element  between 
previous  and  current  jet.  The  second  is  based  on  the  current  total  jet  strength  which  is  compared  with  its  theoretical  value  as  given  by 
Reference  7. 

The  method  calculates  ACp  - Cp  upper  - Cp  lower  from  the  Kutta-Joukowski  rule.  The  pressure  distribution  Cp  and  the  coefficients 
Cl,  Cd  and  Cm  are  then  obtained  from  the  following  relations: 


or 
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Both  Equations  (20)  and  (21)  are  used  to  obtain  Cl-  Equation  (20)  gives  Cl  from  integration  of  vortices  while  Equation  (21)  from 
integration  of  pressures.  Good  agreement  between  these  two  values  (within  0.5%)  verifies  the  integration  procedure. 
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The  method  can  handle  up  to  eight  interfering  airfoils  of  arbitrary  camber  for  a specified  jet  momentum  and  jet  angle  at  the  trailing 
edge.  It  uses  only  a minimum  of  information  describing  the  geometry  of  the  airfoil  and  jet  to  construct  he  detailed  arrangement  of 
lifting  elements.  A cosine  rule  is  used  to  divide  each  chordline  into  elements.  The  jet  element  length  is  varr  co  parabolically  in  order  to 
satisfy  the  condition  of  constant  loading  along  the  jet.  Continuity  of  loading  between  jet  and  airfoil  is  achieved  by  making  the  first  jet 
element  nearly  equal  in  length  to  the  airfoil  trailing  edge  element  shedding  the  jet. 

12.  COMPARISON  OF  PRESENT  METHODS  WITH  THEORY  AND  EXPERIMENT 

A comparison  of  the  present  theoretical  jet  flap  method  with  Spence  (Reference  7)  and  that  of 
Reference  10  is  shown  in  Figure  24  for  a 20  flat-plate  airfoil  with  a jet  flap.  Cl  and  Cm  values 


Figurt  24  Companion  ba twain  present  and  othar  Figura  25  Companion  batwaan  tami-ampirical 

thaoratical  jat-f lap  mathodi  and  thaoratical  jat-flap  rnathod 


representative  flat-p'ate  and  camberline  geometries  used  in  the  methods  are  also  shown  in  Figure  25.  Calculated  Cl  versus  a curves  are 
shown  for  30p  flap  deflection,  43.9°  jet  angle  and  Cjs  ranging  from  0 to  2.89.  Thickness  corrections  were  applied  also  to  the 
theoretical  jet-flap  method  by  multiplying  the  pressure  lift  coefficient  by  the  factor  (1  + t/c). 

At  Cj  * 0 the  comparison  is  made  with  2D  potential  flow  calculations  of  the  evact  airfoil  geometry  (dotted  line).  The  results  of  the 
semi-empirical  method  at  Cj  ■ 0 agree  well  with  potential  flow  theory  and  have  been  omitted  for  clarity.  The  theoretical  jet  flap  method 
closely  predicts  the  lift  curve  slope  at  slightly  lower  than  potential  flow  Cl  value. 

Fo  • the  jet-flap  cases  there  is  good  agreement  between  the  two  methods  both  in  Cl  and  CLa  at  the  lower  Cj  values.  As  Ci  increases,  the 
results  of  the  two  methods  deviate  from  each  other  with  the  theoretical  method  showing  higher  Cl  values  (up  to  5%  at  Cj  = 2.89)  than 
the  semi-empirical  method.  In  view  of  the  simplifications  made  to  represent  such  an  arbitrary  airfoil  geometry,  the  agreement  between 
the  two  methods  is  surprisingly  good. 

The  present  methods  were  finally  applied  to  the  externally  blown  flap  configurations  of  this  investigation  in  order  to  establish  on  the 
basis  of  comparisons  with  experiment  the  correspondance  of  such  systems  with  2D  jet  flaps.  The  calculations  were  carried  out  for  the 
engine-wing-flap  configuration  of  Figure  3.  The  camberline  representation  of  this  configuration  used  for  the  2D  theoretical  jet  flap 
method  is  shown  in  Figure  26.  The  representative  model  for  the  semi-empirical  method  is  shown  in  Figure  22. 


The  required  jet  momentum  coefficient  at  the  trailing  edge,  Cj  for  these 
calculations  was  determined  from  experimental  data  as  described  in  Section  6. 
The  average  jet  deflection  angle  was  assumed  to  have  the  value  of  5j  determined 
from  static  tests. 

Comparisons  between  calculated  and  experimental  lift  coefficients  versus  angle 
of  attack  are  shown  in  Figure  27  for  0°  and  30°  flap  deflections,  and  in  Figure 
28  for  0°  and  50°  flap  deflections.  The  calculated  data  include  the  2D 
potential  flow  Cl  versus  a of  the  exact  airfoil  geometry  with  an  analogous  2D 
nacelle  obtained  with  the  vorticity  method  of  Reference  1 for  the  zero  and 
deflected  flap  cases.  Thickness  correction  have  been  applied  to  the  results  for 
the  jet  flap  cases  as  described  before.  In  addition,  the  calculated  results  include 
the  direct  jet  reaction  lift  component  nCT(Cj*0)s'n^j+al  which  applies  to 
externally  blown  flaps  and  exists  in  the  test  data’lsee  Section  6). 


Figure  26  Ctmberline  reprtwntetion  of  configuration  of 
Figure  3 
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It  can  be  seen  that  2D  potential  flow  theory  predicts  very  well  Cl  and  Clc  for  the 
zero  and  30°  flap  cases  where  the  viscous  effects  are  relatively  small.  At  50°  flap 
deflection,  it  predicts  Clq  reasonably  weli  hut  theoretical  Cl  values  are  higher  than 
experimental  by  a 40 l * 0.8  indicating  the  presence  of  large  viscous  effects. 

The  present  jet-flap  methods  compare  well  with  2D  potential  flow  at  Cj=0  For 
clarity,  the  semi-empirical  method  at  Cj-0  has  not  been  plotted  in  Figure  28. 

The  calculated  data  for  the  jet  blowing  cases  agree  well  with  the  experimental  ones 
both  in  Cl  and  Cl«  excent  for  the  50°  flap  at  Ct=2.12  where  the  semi-empirical 
method  overpredicts  Cl  by  6%.  The  theoretical  jet  tlap  method  appears  to  show 
again  slightly  higher  Cl  and  Cl«  than  the  semi-empirical  method. 

While  the  camberline  representation  of  an  airfoil  predicts  Cl  reasonably,  it  does  not, 
in  general,  give  good  prediction  of  ACp  with  x,  since  it  contains  nose  pressure  peaks 
which  do  not  exist  on  the  real  airfoil.  An  improvement  in  this  direction  may  be 
achieved  by  correcting  for  thickness  using  a procedure  similar  to  that  given  by 
Kiichemann  (Reference  12)  which  considers  the  thickness  distribution  along  the 
camberline. 


2D  POTENTIAL  FLOW  THEORY 

20  THEORETICAL  JET  FLAP  METHOD 

2D  SEMI  EMPIRICAL  JET  FLAP  METHOD 


Figure  27  Comparison  of  calculated  lift  coefficients 
versus  ■ with  experimental  results  for 
configuration  of  Figure  3,  Sf  - 30° 


20  POTENTIAL  FLOW  THEORY 

20  THEORETICAL  JET  FLAP  METHOD 

20  SEMI-EMPIRICAL  JET  FLAP  METHOD 
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Figure  28  Comparison  of  calculated  lift  coefficients 
versus  a with  experimental  results  for 
configuration  of  Figure  3.  if  = 50° 
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Figure  29  Comparison  between  computed  end  experimental  pressure  distri- 
butions for  configuration  of  Figure  3,  if  = 50°  at  various  values 
of  Cj 


Another  approach  <!'X  obtaining  reasonable  pressure  distributions  with  the  thin-airfoil  jet-flap  method  is  to  use  an  upper  surface 
representation  of  t airfoil.  Figure  29  shows  the  results  of  such  a model  in  comparison  with  experimental  data  for  the  configuration  of 
Figure  3 at  50°  flap  deflection.  The  total  Cl  values  corresponding  to  these  pressure  distributions  were  about  10%  higher  than  those 
shown  in  Figure  28.  Figure  29  shows  reasonable  agreement  with  potential  flow  and  experimental  data  except  at  the  flaps  with  jet 
blowing  where  the  experimental  data  show  higher  negative  pressures. 

The  difference  between  the  calculated  and  experimental  CpS  may  be  attributed  to  centrifugal  effects  of  jet  air  flowing  through  the  slots 
and  over  the  flap  upper  surfaces.  Based  on  this  assumption,  it  is  possible  to  estimate  approximately  the  percentage  of  total  Cj  due  to  jet 
flow  over  the  flap  upper  surfaces.  Such  estimates  show  that  at  Cj=0.95,  the  share  in  total  Cj  due  to  jet  flow  over  the  vane  upper  surface 
is  5%,  over  the  rear  flap  29%,  and  under  the  flaps  71%  of  Cj.  At  Cj=1 .88,  the  corresponding  values  are  6.5%,  34.5%  and  65.5%  of  Cj. 


13.  CONCLUSIONS 


The  results  of  this  investigation  show  that  externally  blown  flap  systems  using  a jet  of  circular  cross-section  can  be  tested  in  the  tunnel 
as  other  two-dimensional  airfoil  systems.  This  may  be  achieved  by  choosing  a relatively  large  jet  diameter  to-span  ratio  and  by  using  wall 
boundary  layer  control. 

The  aerodynamic  characteristics  obtained  in  this  manner  in  the  tunnel  appear  to  be  like  two-dimensional  ones.  This  conclusion  is  based 
on  the  agreement  obtained  between  experimental  data  and  calculations  of  Cl  versus  o for  the  test  configurations  based  on 
two-dimensional  jet-flap  theory  and  an  analogous  jet-flap  system. 

The  measured  CLmax  values  correlate  well  with  a theoretical  relationship  (Equation  (2)]  based  on  the  pressure  loading  near  the  airfoil 
leading  edge  and  on  two-d;mensional  jet -flap  theory.  This  relationship  may  be  used  to  predict  the  two-dimensional  CLmax  for  various 
Cj  from  known  values  of  CLmax  of  the  unblown,  unflapped  configuration  and  ACl  increments  due  to  jet  and  flap  deflection  at  zero 
angle  of  incidence. 

A semi-empirical  and  a theoretical  method  have  been  presented  in  this  paper  for  calculating  the  two-dimensional  aerodynamic 
characteristics  of  multi-element  airfoils  with  a jet  flap.  These  methods  can  be  used  for  externally  blown  flaps  provided  that  the  average 
jet  deflection  angle  and  jet  mementum  coefficient  at  the  trailing  edge  are  known  for  the  forward  airspeed  condition.  At  the  present,  the 
latter  can  only  be  determined  on  the  basis  of  experiment  and  potential  flow  theory  as  shown  in  this  paper. 
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For  the  prediction  of  pressure  distributions  of  multi-element  jet  flaps  it  is  necessary  to  extend  the  thin  airfoil  method  to  include  a 
thickness  distribution. 

Further  testing  with  a semi-span  model  is  essential  for  extending  the  2D  methods  and  relationships  of  this  investigation  to  3D  EBF 
configurations. 
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Le  concept  AI.ADIN  II  e3t  une  proposition  visnnt  a realiser  des  avions 
k decollage  court,  en  n'utilisant  quo  des  ir.oteurs  disponilles  k dilution  modoree 
et  pouvant  par  consequent  Stre  realises  dans  des  delnis  relativement  brefs. 

Le  schema  de  l'ensemble  propulseur  est  represente  en  figure  1. 

Le  jet  d'un  reacteur  a dilution  moderee  est  divise  et  etale  laterale- 
ment  par  une  tuyere  dite  "queue  de  carpe"  dont  on  voit  la  geometrie  on  figure  5. 

Ce  jet  alimente  un  ejecteur  rectangulaire  ou  il  est  dilue  pour  augmen- 
ter  sa  quantite  de  mouvement. 

Cet  ensemble  est  situe  sous  une  aile  et  souffle  les  volets  de  bord 

de  fuite. 


Ce  systeme  vise  I’obtention  d'uno  attenuation  importance  des  bruits 
du  jet  par  sa  division  en  un  certain  nombre  de  jets  clementaires  et  par  sa 
dilution  dans  une  trompe  traitee  acoustiquemon t . Nous  aeons  pu  aussi  cons  later 
que  la  remontee  du  bruit  due  a 1' impact  d'un  jot  cylindrique  sur  des  volets 
hypersustentateurs  epargnait  presque  cor.iple tee’ient  le  jet  rectangulaire, 

Cemme  moyen  d'arriver  aux  tiautes  portances,  ce  systeme  se  presente 
comme  une  variante  des  systemes  d'ailes  soufflees  par  dessous,  la  quantite 
de  mouvement  du  jet  souffle  obtenue  avei  un  grand  debit  et  une  Vitesse  moderee 
et  sa  forme  recvangulaire  permet  d'espei.r  a priori  une  efl’icacite  importante. 

Pour  juger  de  l'interft  du  concept  et  concrotiser  un  exempli!  ri'utili- 
sation  possible,  nous  avons  osquisse  un  avant-projot  d'appareil  quadri-reac t eur 
de  masse  totale  30  tonnes  utilisant  les  reacteurs  RR  SNPCMA  M 5 II. 

La  figure  2 represente  le  plan  3 vues  et  la  figure  3 une  maquette 
de  presentation  de  1 ' avan i-pro je t . Nous  noterons  seulement  l'aile  droite 

!epaisse  comport.ant  une  importante  part  ie  rec  tanftula  ire , solutions  dictees  par 

le  souci  de  simplicite,  la  facilite  de  conception  aerodynamique  et  1 ' interaction 
aile  - propulseur  et  la  gamme  de  vitesses  moderees  viseos  par  le  concept  (Mach  0,r)). 

Cette  Vitesse  est  l’optimun.  pour  un  avion  destine  a transporter  60  & 

100  passagers  ou  6 a 8 tonnes  de  cargo  sir  des  etapes  courtes  ( 300  km.  maxi.). 

A partir  de  cet  avan  t-pro  je  t , un  programme  d*  etude  et  d'essais  a ete 
realise,  II  comportait  d'atiord  une  campaf^no  d'essais  aerodynamiques  sur  une 
maquette  a l'echclle  1/12. 

f 

Ces  essais  aerodynamiques  avaient  pour  blit  d'explorer  le  demaino  des 
performances  d 1 Lypersus ten t a t ion  possible,  de  verifier  les  inethodes  de  calculs 
mites  en  oeuvre  pour  etablir  1 ' avant-pro je ' , do  s'assurtr  do  la  possibility 
de  contrdle  lateral  par  des  n.etbc.des  aerodynamiques  classifies,  et  d ' explorer 
en  premiere  approximation  les  pc ssibil it  os  d ' oquj  lib rage  1 orgi  tudi  "al  . 

La  figure  4 represente  la  maquette  installer  dans  la  Souffierie  de 

Cannes . 


Le  programme  co:i.port;.i  t aussi  des  essais  de  naquette?  de  oropi  lsoir 
c.estities  a degrossir  les  prc.blemes  du  bn.it  < t a optimiser  le  dessin  ch  ? element? 
du  systeme  prcpulsif. 

Des  css  is  a l'echelle  approx  imo  t ive  1 utilisant  1 1 Afro  trui  r haute 
vitesse  et  son  moteur  JT  12,  destines  a 1 'etude  du  bruit  ; 11  point  fixe  et  ?n 
translation  ont  etc  cf fee  lues. 

Cette  communication  prosonti  rapidt  mint  le?  risultatn  a erode  nan.  jq-  os 
et  r.coustiques  cbienus  au  cours  de  ces  essais  ■•t  insiste  sur  les  p.  irts 
press:  tart  un  int^rtlt  general  : 

- les  methodes  do  prevision  des  pc  1 formances  uu  systeme  ejeoieur  - aile 

- les  inethodes  de  calcul  de  d iinens  i onnemon t des  elements. 
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2 - ETUDE  AERODY VAMIQUE 

Le  pro jet  ALADIN  a fait  l'objet  d'une  etude  aerodynamique  prealable 
de  fa$on  h reduire  les  t&tonnemen ts  empiriques  et  limiter  les  essais.  Les 
travaux  decrits  ci-dessous  constituent  un  exemple  des  possibilites  pratiques 
offertes  par  le  calcul  pour  etudier  une  formule  aerodynamique  nouvelle  sans 
necesfairenent  mettre  on  oeuvre  des  rnoyens  tres  importants. 

2.1.  - Estimation  des  performances  aerodvnamiouesde  l'aile 

Le  but  de  cette  premiere  etude  est  de  fournir  une  estimation  des 
carac teristiques  de  l'aile  soufflee  (portance,  trainee)  en  fonction  des 
parametres  suivants  : allongenen t , proportion  d'enverg-ure  equipee  de  volet, 
profondeur  et  braquage  de  volet,  coefficient  de  soufflage,  carac teris tiques 
de  la  trompe  - ce  qui  permet  de  d.-finir  le  dimensicnnement  general  de  la 
maquette  pour  remplir  les  objectifs  de  perf ori lances  vises.  U1 terieuremen^  et 
apres  ajustement  de  certains  coefficients,  la  methode  peut  Stre  utilis^e  pour 
interpoler  les  resultats  d'essais  ou  pour  les  etendre  a d'autres  configurations. 

II  s'agit  d'une  methode  de  calcul  semi-empirique  et  simple  faisant 
appel  a des  donnees  classiques. 

La  portance  est  exprimee  sous  la  forme  d'une  somme  de  differents  termes  : 

- la  portance  de  l'aile  nue 

- un  supplement  de  portance  due  aux  volets  sans  effet  de  soufflage, 
fonction  de  la  profondeur  du  volet,  de  leur  envergure  et  du  braquage 
( ref.  1 ) 

- un  supplement  de  portance  due  A 1 ' hypercirculation  induite  par  le 
soufflage,  fonction  du  coefficient  de  soufflage  de  1 ' angle  du  jet, 
les  valeurs  sont  deduites  des  calculs  de  SPENCE  (rt'f.  2) 

- la  portance  due  au  jet  en  tenant  compte  de  la  poussee  reelle  e$  do 
1 'angle  effectif  de  deviation  ACz  = fj  0 C Ji  sin  ( 9 ^ + L ) 

La  trainee  est  egalement  decomposee  de  la  fagon  suivante  : 

- la  trainee  de  f ro  ttement  <t  de  forme  Cx 

- un  supplement  de  trainee  de  forme  due  au  volet  (ref.l) 

- une  trainee  induite  relative  aux  seuls  offets  de  portance  li£s  a la 
circulation  auteur  ce  l'aile 

- la  composante  horizontale  de  la  poussee  du  jet  Cx  = - $ C jt  cos  (0  + L ) 

- la  trainee  de  captation  de  la  trompe.  o 

On  remarquera  que  certaines  de  ces  estimations  Gont  possimistes,  par 
exemple  le  supplement  de  portance  des  volets  est  probablement  sous-estime. 

D'autres,  par  contre,  sont  optiiristes,  par  exemple  l'elfot  d ' hypercircula t ion  est 
probablemon*  surestime  par  les  theories  linearisees  aux  grands  braquages. 

On  noterc  egalement  une  difference  importante  de  ce  modele  avec  la 
theorie  du  jet  flap  en  ce  qui  concerae  la  trainee,  d'une  part  on  ne  considAre 
que  la  composante  horizontale  de  la  poussee  du  jet  deflechi  au  lieu  de  la  poussee 
totale,  d'autre  part  la  trainee  induite  n'est  relative  qu'a  la  part  de  portance 
liee  A la  circulation.  Cette  hypothese  purement  empirique  est  justifiee  par  les 
comparaisons  avec  les  resultats  experimentaux  ; elle  dome  des  valeurs  plus  rea- 
listes  pour  un  fort  C et  un  grand  braquage. 

Les  resultats  obtenus  avec  ce  modele  tres  simple  sont  satisfaisants  A 
condition  d'introduire  les  particularites  suivantes  : 

- le  carenage  inferieur  de  la  trompe  muni  de  son  bee  de  bord  d'attaque 
fortement  courbe  vers  le  has  constitue  une  surface  portante  non 
negligeable  calee  negativement  par  rapport  a l'aile,  il  en/esulte 
une  valeur  assez  elevee  de  1 ' incidence  de  portance  nulle  (L'^50). 

- 1 'angle  de  deviation  effectif  du  jet  pour  un  braquage  donne  des  volets 
est  plus  faible  que  pour  les  systemes  classiques  de  soufflage  externc 
ainsi  que  l'ont  mortre  les  essais  au  point  fixe. 

On  a represente  planche  0 les  coefficients  de  portanc'-  et  de  trainee  pour 
diff  ;rents  braquages  des  volets  en  fonctior  du  C/t  . On  constate  que  1' accc.rd 
entre  le  calcul  et  l'essni  est  relativemeut  bon  dans  1' ensemble. 

On  note  que  le  calcul  est  assez  pessimiste  pour  C ^ > 2 et  pour  les  Cz 
aux  faibles  braquages.  II  serait  cer tainenent  possible  d'obtenir  un  meilleur 
accord  en  ajustant  les  differents  coefficients  du  module.  On  observe  egalement  la 
perte  d'efficacite  des  volets  pour  un  braquage  de  70°  et  une  incidence  de  20°. 

Le  module  a permis  de  definir  le  dimensionnement  general  de  la  maquette  : 

- Allongem.erit  : 5 

- Proportion  d'envergure  occupee  par  les  volets  60  % 


•uaxaiAiaiaiiiitiliiB 


- Profondeur  relative  des  volets  30  % (20  $ + 10  %) 

- Braquage  approximatif  des  volets  : 
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Premier  volet  Deuxieme  volet 

Decollage  15  30 

Approche  30  60 

REMARQUE  - L' evaluation  de  la  portance  maximale  est  trfes  difficile  avant  les 
essais,  Une  estimation  grossiere  peut  en  6tre  faite  on  fixant  1' incidence  de 
portance  maximale  entre  20  et  25°  pour  des  hypersus tentateurs  de  bord  d'attaque 
eff icaces. 

2.2.  - Etude  en  courant  plan 

Elle  a pour  objet  principal  de  d^finir  les  formes  et  les  positions 
des  differents  profils  (profil  principal,  bee  de  bord  d'attaque,  car4nage  de 
trompe,  profil  de  la  tuyere  motrice,  volets  de  bord  de  fuite)  dans  la  partie 
centrale  de  l'aile  rectangulaire . 

On  a utilise  une  m^thode  de  singularity  pour  calculer  l'ycoulement 
on  fluide  parfait  autour  des  divers  profils.  L'effet  d'asplration  de  la  trompe 
est  siirule  au  moyen  d'un  artifice  (planche  7)  qui  consiste  i prolonger  le 
profil  du  carenage  inferieur  de  la  trompe  par  un  divergent  fictif  de  faqon  k 
obtenir  au  col  de  celle-ci  le  debit  induit  evalu^  par  ailleurs  (caleul  mono- 
dimensionnel  de  trompe).  Les  repartitions  de  vitesses  ainsi  calcul^es  ne  sont 
signif icatives  que  sur  la  partie  amont  de  1 ' ecoulement , cette  limitation  est 
sans  consequence  pour  1' etude  des  contournements  des  bords  d'attaque.  Les 
formes  et  les  positions  des  differents  elements  ont  yte  modif  iees  jusqu'  k 
l'obtention  de  survitesses  rais  mnables  et  bien  reparties  dans  les  differentes 
zones  de  fa$o<’.  k limiter  les  risques  de  decollement.  La  de terminatior  des  lignes 
de  courant  perrnet  egalenent  de  guider  le  trace  des  formes.  Selon  les  problemes 
etudies  on  peut  considerer  2,  3 ou  h profils  ; selon  la  precision  recherchee 
sur  la  repartition  de  vitesse,  chaque  profil  sera  defin.i  par  unnombre  de  points 
plus  ou  moins  eleve  (de  12  & 96). 

Apres  un  examen  preliminaire  qui  a conduit  a un  principe  de  trompe 
integree  dans  lequel  le  profil  principal  constitue  le  carenage  superieur  de  la 
trompe,  1' etude  a porte  sur  les  parametres  suivants  : 

- position  longit.udinale  de  la  trompe  : une  position  avancee  favorise 
1' ecoulement  au  bord  d'attaque  du  profil,  une  position  reculee 
favorise  le  contournement  du  carenage  inferieur. 

- forme  du  carenage  inferieur  : il  a ete  necessaire  de  munir  le  bord 
d'attaque  d'un  bee  basculant 

- volet  de  bord  d'attaque  : la  forme,  la  position  et  1' incidence  du 
volet  ont  ete  choisies  pour  minimiser  les  survitesses . Deux  volets 
ont  et6  etudies,  1 ' un  de  20  de  la  corde,  1' autre  de  1 5 oe  dernier 
a ety  retenu  pour  limiter  les  interactions  avec  les  fuseaux  moteurs, 
il  s'est  revyie  suf f isamment  efficace. 

- tuyere  evolutive  : bien  qu'ello  no  soit  pas  strictement  bidimension- 
nelle,  la  position  et  1' incidence  d'un  profil  "moyen"  ont  ety 
determinees  pour  minimiser  les  perturbations  de  1 'alimentation  de  la 
trompe . 

La  planche  8 represents  les  repartitions  de  vitesse  obtenues  sur  les 
differents  bords  d'attaque,  on  constate  que  les  survitesses  sur  les  differents 
profils  porteurs  sont  rela tivemei.t  moderees  et  a peu  pres  equilibryes,  Les  essais 
ont  montre  qu’ effectivement  il  n'y  a pas  d'anomalies  d'ecoulement  dans  ce  domaine, 
il  n'a  pas  ete  necessair?  d'ajuster  au  cours  djs  essais  le  calage  du  bee  de  bord 
d ' a t taque . 

Etude  des  volets  de  bord  de  fuite 


I.e  systeme  de  bord  de  fuite  doit  ’ emplir  < eux  conditions  : 

- devier  ef f icacetr.en t ie  flux  du  soufflage, 

- eviter  le  decollement  a 1'extriJos  des  volets. 


En  1' absence  de  metliode  d irec  teir.en  t utilisable  pour  calculer  1' ecoule- 
ment non  isentropique  autour  des  volets  (calcul  d'ecoulement  visqueux  ou  de  jet  en 
fluide  parfait)  1' etude  a ety  limitee  a quelques  essais  simples  de  deviation  d'un 
jet  de  trompe  du  type  ALADIN  par  un  volet  plein  au  point  fixe,  en  utilisant  le 
montage  conru  pour  les  essais  acoustiques.  La  figure  9 represente  les  Bondages  de 
vitesses  dans  le  plan  de  symetrie  pour  differentes  configurations. 
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On  cor.state  qualita tivemont  que  1' angle  de  deviation  du  jet  est  inferieur 
a 1 'angle  du  volet,  d'autent  plus  que  l'angle  du  volet  est  grand  et  que  sa  corde 
est  petite,  c'est  une  des  particularity  de  la  formule  de  soufflage  par  trompe  qui 
conduit  a un  jet  d'epaisseur  superieure  k celui  du  soufflage  externe  classique,  les 
volets  devraient  Stre  etudies  specialement  pour  ce  cas. 

Les  Bondages  dans  un  plan  lateral  ont  montre  que  le  jet  presente  un 
angle  de  diffusion  initial  faible  (ce  1 ' ordre  de  7°)  qui  augmente  brusquement  k 
la  rencontre  des  volets  (de  1 ' ordre  de  25°).  Des  mesurts  de  pression  a l'intrados 
du  volet  ont  permis  d'evaluer  trcs  approximativement  le  debit  de  soufflage  des 
f entes . 


II  est  irt eressant  de  no  ter  que  les  defauts  les  plus  importants  de  la 
inaquette  resident  dans  le  dessin  des  volets  de  bord  de  fuite  pour  lesquels  les 
moyens  de  calcul  faisaient  defaut. 

2.3.  - Etude  tridimensionnelle 

I,' etude  de  la  repartition  de  portance  en  envergure  et  des  differents 
el  l ets  tridimensionnels  a ete  effectuee  au  moyen  d ' un  calcul  de  fluide  parfait 
non  linearise.  La  methode  mise  au  point  au  Centre  de  Calcul  Analogique  du 
Professeur  kALAVARD  (ref.  7)  utilise  line  repartition  de  singularity  k la  surface 
de  l'aile.  Ellt  reste  valable  aux  incidences  et  braquages  eleves  permis  par  le 
soufflage  contrairement  aux  methodes  habituelles  de  surface  portante  linear j sees. 

L'aile  schema tisee  dans  le  cr.lcul  coir.prend  une  pertie  centrale  rectan- 
gulaire  munie  d ' un  volet  simple,  et  <1 ' une  extremite  trapezoidale  vrillee  et  irunie 
d ' ailerons , 

La  trompe,  le  soufflage  et  le  bee  de  bord  d ' at  toque  ne  sont  pas  repre- 
sentes,  on  admet  que  l'effet  du  volet  en  fluide  parfait  est  equivalent  a celui 
du  volet  souffle  en  fluide  reel.  L' etude  a ete  limitee  aux  parametres  suivants  : 


- brnquage  des  volets, 

- braquage  des  ailerons, 

- vrillage  de  1' extremite. 

La  repartition  de  Cz  en  envergure  (planche  10)  met  en  evidence  un  creux 
de  portance  tres  important  dans  la  zone  ir.imedia tement  k l'exterieur  des  volets, 
Cette  diminution  de  Cz  correspond  a une  depression  a intrados  pres  du  bord  de  fuite 
inc’uite  par  le  tourbillon  ir.arginal  issu  du  volet.  L'examen  des  survitesses  au  bord 
d'attaque  montre  qu'il  n'y  a pas  de  risque  de  deerochago  premature  de  la  partie 
munie  d' ailerons  pour  un  vrillage  modern  de  - 5°  do  la  corde  d ' extremite , un 
vrillage  superieur  (-  8°)  a ete  neannoins  adopte  pour  ameliorer  l'efficacite  maxi- 
male des  ailerons,  il  en  resulte  une  perte  de  2 $ de  C/  total  et  un  gain  de  3 % 
sur  la  trainee  induite. 

L' etude  tridimensionnelle  fournit  quelques  indications  relatives  au 
contrdle  lateral  en  cas  de  panne  d ' un  moteur  : l'efficacite  des  ailerons  pout  £tre 
estimee  par  le  calcul.  L'effet  d ' inte raction  avec  le  tourbillon  marginal  du  volet 
se  traduit  par  une  amelioration  de  l'efficacite  d'ailerons  du  cd4-"  de  V aileron 
baisse.  Par  ailleurs,  l€'  merrent  lie  a la  panne  de  moteur  peut  dtre  d/compose  en 
une  composante  du  jet  facile  a estimer  et  un  efi'et  d 'hypercirculation;  pour 
l'estimaticn  de  ce  dernier  terme  deux  hypotheses  extremes  peuvent  dtro  propj“ees  : 

- hypothese  optimiste  - le  soufflage  d.u  moteur  restant  se  repartit  sur 
1 'ensemble  du  volet 

- hypothese  pessimiste  - la  totalite  de  l'effet  de  soufflage  est  perdue 
dans  la  zone  interessee  par  le  moteur  en  panne. 

Les  essajs  ont  donne  des  result ats  intern.odiaires  qui  pourraiont  dtre 
introduits  dans  urc  methode  de  prevision  pies  pe rfec t ionnee . 


les  essais  ont  etc  effectuos  a la  soufl'lerie  Ca  de  l'ONERA  a Cannes, 
diametre  de  la  veine  3 m.  La  majority  des  essais  ont  ete  affect/s  a 22  m/s,  le  Cu 
maximum  a cette  vitesse  est  de  2,7. 

Ils  ont  permis,  d ' une  p;  rt  de  mesurer  les  performances  aerodynamique s , 
d'autre  part  d'etudier  le  controle  lateral  en  cas  de  panne  d ' un  moteur. 

La  me.  que  t to  est  constitute  d'une  demi-maque  tte  non  empennee  et  niontee  a 
lr  paroi.  Les  tnoleurs  alimentant  les  tuyeres  en  forme  de  'queue  de  carpe"  des 
trompes  sont  eits-rtn.es  simules  par  ties  tron.pes  aliment  tes  en  air  coirprime  ; leurs 
dimensions  s'  inset ivent  dans  des  fuseaux  de  propertion  \oisine  de  oeux  des  moteurs 
reels  munis  de  silencieux  d'entree.  Le  m5t  support  a ete  cepondant  grossi  pour 
perirettre  un  debit  d'air  suffisant.  Les  trompes  de  soufflage  sont  reelisees  de 
falcon  plus  simple  que  les  trompes  replies,  leurs  coefficients  de  peussee  au  point 
f ixe  est  de  1,12. 
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Les  mesures  comportent  la  portance,  la  trainee,  le  moment  de  tangagi 
et  le  moment  de  roulis  de  la  demi-voilure . Les  Cj*  sont  rapporces  a la  quantite 
de  mouvement  de  la  tuyere  queue  de  carpe  cornus  grSce  a im  tarage  pr?. liable  en 
fonction  de  la  pression  generatrice.  Les  visualisations  aux  fils  de  laine  permet- 
tent  de  detec  ter  les  defauts  d ' ecouleirerit . 

Les  parametres  variables  sont  les  suivants  : 

- coefficient  de  soufflage  CJ*  avec  simulaticn  de  la  panne  du  niofeur 
exterieur, 

- le  braquage  C1  et  00  des  volets  de  bore  de  fuite, 

- le  calage  des  bees  9e  bord  d'attaque  (en  fait  il  li'a  pas  ete  recessaire 
de  les  modifier) 

- les  ailerons  de  2^  de  profondeur. 

RESULTATS 

Visual isat i on 

Qualitativemont  les  visualisations  montrent  que  1 1 ecoulemont  est  sain 
dans  son  ensemble  jusqu'a  des  incidences  elevees  d'autant  plus  grandes  que  le  Cu 
est  grand  (20°  pour  C J*  > 1 ) . Le  decrocbage  se  manifesto  par  un  tourbillon  au 
niveau  de  l'emplanture  de  l'aile.  Pour  le  braquage  le  plus  eleve  (u  = 40°  - 60  = 70°) 
l'extrados  du  deuxieme  volet  est  mal  alimonte,  ce  defaut  provient  certainement^d ' un 
mpuvais  dessin  de  la  fente  de  soufflage,  prevue  pour  un  braquage  moindre. 

Essais  au  point  fixe 

La  mesure  du  vecteur  polls  ee  en  fonction  du  braquage  fait  apparaltre  : 

- un  coefficient  d ' augmentation  de  poussee  de  la  tron.po  (a  braquage  nul) 
de  1,12. 

- ur  rendement  de  deviation  ( pousse e/ poussee  a braquage  nul)  qui  deeroit 
a.isez  fortement  avec  le  braquage  scion  une  loi  voisine  de  celle  obtenue 
dans  d'autres  essais  de  soufflage  externes  (ref.  3-6) 

- un  angle  de  deviation  plus  faible  que  dans  les  references  ci-dessus 
( planche  1 1 ) . 

Cet  ecart  pout  St  re  attribue  ru  fait  que  le  .jet,  issu  do  la  trompe,  est 
neaucoup  plus  epais  que  le  Jet  produit  par  1 ’ aplati ssement  du  jet  sonique.  Les 
essais  de  deviation  (planche  9)  ont  montre  en  effet  que  le  rapport  de  la  eorde  du 
volet  k la  hauteur  du  jet  est  un  parametre  important.  Des  calculs  de  fluide  parl’ait 
le  confirir.e  (ref.  8).  11  semble  qu'une  anu'lioration  significative  pourrait  dtre 
obtenue  sur  l’efficacite  des  volets  en  jouant  sur  la  profondeur,  la  largour  des 
l’ontes  et  le  dessin  des  fentes,  on  pe  it  estiirer  qu'un  gain  de  10°  sur  l'angle  de 
deviation  effectif  doruierait  ur  ACz  a/ 0,  5 a (yU  = 1. 

Essais  de  p<  rformanees 

Les  courbes  de  portance  (planche  12)  ind.’qwent  une  bonne  linearite  jusqu'k 
20°  environ  pour  cy<>1  . l our  le  braquage  0^  = 15°,  0,,  - 30°  1*  incidence  de  Cz  maximum 
n ' a pu  6tre  atteinte  et  est  voisine  de  32°,  pour  un  Braquage  plus  eleve,  un  L'z  maximum 
de  7*3  a ete  mesure  & C = 2,7. 

Les  polaires  (planche  13)  out  des  allures  voisines  de  cellos  obtenues  dans 
d'autres  essais  de  soufflage  externe.  Elies  met  tent  en  evidence  la  bonne  efficncite 
des  beos  de  bord  d'attaque,  l'effet  de  la  trompe  qui  augmente  la  poussee  brute  du 
jet  et  introduit  par  contre  une  trainee  de  captation,  la  limitation  de  la  deviation 
aux  grands  braquages. 

Equilibre  transversal  en  cas  de  panne 

Le  probleme  consiste  a equilibrer  la  portance  des  deux  cfltes,  la  panne 
du  moteur  exterieur  etant  a priori  la  plus  critique, 

Les  moyens  if  contrflle  experimen tes  sont.  les  suivants  : 

- braquage  difforentiel  des  ailerons  +_  25® 

- braquage  d ' un  spoiler 

braquage  differentiel  du  deuxieme  volet  e’e  bord  de  fuite. 

Les  essais  montrent  que  l'arrdt  du  moteur  externe  se  traduit  par  une  perte 

de  portance  l^gerement  superieure  k la  diminution  lice  a la  seule  reduction  du  Cf* 

(les  deux  moteurs  t-n  service)  mais  cependant  inferieure  k la  moiti^  de  l'effet  de 

soufflage  total.  Le  moteur  restant  souffle  done  probablement  en  partie  la  zone  de 

volet  correspondent  au  moteur  en  panne.  Ceci  est  confirm^  par  la  position  du  point 
d ' application  de  cette  force.  Le  braquage  des  ailerons  + 25°  donne  une  efficacit^ 

( ACz  ± 0,3)  sensiblement  4 gale  k celle  trouvee  par  le  calcul  tridimensionnel  de 
fluide  parfait  pour  un  braquage  moindre  (20°). 
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L'effet  d' interaction  de  l'aileron  avec  le  tourbillon  marginal  du  volet 
aemble  se  retrouver,  en  effet  la  portance  de  l'aileron  baisse  est  superieure  & celle 
de  l'aileron  leve,  par  contre,  le  point  d'application  est  plus  proche  du  volet 
ce  qui  indique  que  le  -gain  de  portance  se  situe  dans  une  zone  proche  du  vplet. 

Le  braquage  du  spoiler  a une  influence  tres  modeste  ( A Cz  - 0,15)  quelle 
que  aoit  la  configuration. 

Par  contre  le  braquage  differentiel  du  deuxieme  volet  est  tres  efficace. 

Au  total  1 ' utilisation  des  ailerons  seuls  permet  d'equilibrer  la  panne 
d'un  moteur  externe  pour  C,'-'  voisin  de  1 . L'adjonction  d'un  braquage  differentiel 
de  ± 10*  du  deuxieme  volet  assure  une  marge  d ' au  moins  JO  % sur  1' ensemble  des 
configurations  du  pro jet  (planche  14). 

En  cas  de  panne,  les  polaires  equilibrees  en  lateral  sont  sensiblement 
les  mflmes  que  celles  sans  panne  a mflme  C^<  total.  II  reste  a ajouter  l'effet  de 
1 ' equilibrage  en  tangage  et  en  lacet.  En  ce  qui  conceive  le  tangage,  les  mesures  de 
Cm  et  de  la  deflexion  au  niveau  de  1' empennage  ont  montre  qu'une  surface  d'empennage 
horizontal  de  40  % permet  d'assurer  une  marge  de  centrage  confortable. 

CONCLUSIONS  SUR  L' ETUDE  AEKODYNAMIQUE 

La  definition  de  la  maquette  resultant  de  1' etude  prealable  s' est  revelee 
presque  entierement  satisfaisante  ce  qui  permet  de  limiter  les  essais.  La  principale 
correction  apportee  a consiste  a augmenter  le  braquage  des  volets  pour  compenser 
leur  manque  d'efficacite  de  deviation.  Les  performances  seraient  certainement  am6lio- 
r6es  par  un  meilleur  dessin  des  volets  ; leur  etude  serait  facilitee  par  t.ne  methode  de 
calcul  qu'il  semble  possible  de  mettre  au  point  rapidement.  Les  performances  peuvent 
fltre  prevues  avec  une  precision  acceptable  au  stade  de  1 ' avant-projet  et  peut-Atre 
mAme  l'efficacite  du  contrflle  lateral  en  cas  de  panne  pourrait  Atre  egalement  estimee. 

La  prediction  precise  de  la  portance  maximale  est  certainenie  r t plus  difficile 
et  exige  des  calculs  de  couche  limite  et  de  decollement  delicats.  On  ramarquera  qcr 
les  valeurs  obtenues  en  soufflerie  a un  bas  nombre  de  Heynolds  (0,5  10°)  sont 
probablement  pessiiristes . 

4 - MISE  AU  POINT  ACOUSTIQUE  ET  PROFULSIVE  DU  SYS TEN E D'  EJECTION 

Le  groupe  mo to-propulscur  compose  du  moteur  M 45  H,  des  traitements  acous- 
tiques,  des  parties  tournantes  et  du  systeme  d'ejection  (queue  de  carpe  et  troir.pe) 
constitue  un  tout  dont  1 ' optimisation  conditionne  les  performances  globales  de  1 'avion. 

Lc  traitement  acoustique  des  parties  tournantes  se  compose  d'une  tranche 
d'  cntr6e  d'air  traitee  permettant  une  reduction  de  12  PNdB  du  bruit  rayonne  vers 
1'amont  et  d'un  traitement  du  canal  du  flux  secondaire  jusqu'au  raccordement  avec  le 
flux  chaud  donnart  une  attenuation  vers  le  bruit  rayonne  vers  l'aval  de  20  FNdB. 

Pour  reduire  les  niveaux  de  bruit  dus  a 1' ejection  du  moteur,  la  solution 
etudiee  consiste  d'abord  a melanger  les  deux  flux  pour  abaisser  la  temperature  et  la 
Vitesse  d'ejection  des  gaz,  le  jet  est  ensuite  divise  eu  moyen  de  la  tuyere  en  forme 
de  queue  e'e  carpe,  la  trompe  realisant  en  derniere  etape  une  dilution  importante.  La 
trompe  est  traitee  acous tiquement.  afin  de  reduire  le  bruit  provenant  du  melange  des 
flux  moteur  et  induit. 

La  miso  au  point  acoustique  est  propulsive  du  dispositlf  d'ejection  a et6 
menee  parallelemont  aux  Etudes  et  essais  aArodynamiques  de  l'avion  sur  des  petites 
maquettes  (cSchello  l/lO)  et  en  derniere'  etnpe  sur  des  inoteurs  de  la  gamme  des  1200  daN 
de  poussee  au  decollage. 

Ces  travaux  concerrant  ess'nt iellement  des  configurations  de  point  fixe,  des 
essais  prevus  prochainement  en  translation  sur  A^rotrain  avec  moteur  GE  J85  porira  t- 
tront  de  confirmer  sur  un  ensemble  de  synthese  les  performances  acoustiques  et 
propuloives  du  dispositif  jusqu’a  un  Mach  voisin  de  0,25. 

4.1.  - Etapes  successives  dee  travaux  de  mise  au  point  - maquettes 

Sur  le  plan  prepuisif,  la  mise  au  point  du  dispositif  ; pernis  de  minimiser 
les  pert.es  internes  de  la  tuyere  aux  formes  relativement  complexes  tout  cn  conservant 
ses  pe  rformances  acous  tiques.  On  a par  ailleurs  etudie  1’ influence  des  par.imetres 
geometriques  des  trompes  utilisees  aux  dilforents  stades  du  perf oc tionnement  ce  la 
tuyere  et  de  la  modification  e'e  ses  formes  oxternes. 

Les  moyens  d'essai  dont  nous  disposons  condi t ionnent  les  dimensions  gene- 
rales  de  nos  tuyeres,  L'echelle  adoptee  otai i voisine  de  1/10.  Les  performances  pro- 
pulsives  ont  et6  mesurees  s.ur  notre  banc  de  poussee  du  Quai  de  la  Gare  a Paris  et 
dans  les  installations  du  Centre  d'Essai  des  Propulseurs  a Soclav,  les  ir.Ames  mnquettes 
ont  servi  egalement  au  contrflle  des  performances  acoustiques  en  gaz  chaud  au  CEir 
et  en  gaz  froid  dans  nos  installations. 
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Ce  programme  d' Evaluation  sur  petites  maquettes  a ete  Irene  sur  trois 
tuyEres  chaudronnees  du  type  de  ceile  presentee  figure  1 correspondant  aux 
diffErents  stades  dt  la  mise  au  point. 

Ur.e  maquette  d 1 un  quart  de  tuyere  en  plastique  moule  nous  a permis 
par  visualisation  sur  un  banc  hydraulique,  d'ameliorer  les  formes  internes  et 
de  repartir  les  aubages  necessaires  h une  bonne  dis tribution  de  l'ecculement 
dans  toute  la  zone  d' ejection. 

Du  fait  c'es  incertitudes  concernant  les  transpositions  des  resultats 
acoustiques  a l'echelle  du  M 45  H un  programme  complemontaire  a e ,e  lance  ayant 
pour  but  d'etudier  le  dispositif  d’ejection  sur  un  moteur  reel  (JT  12  A6  de 
Pratt  et  Whitney)  dont  l'echelle  est  moitie  par  rapport  au  M 45  H.  La  maquette 
de  la  tuyere  ( figure  5)  realisee  pour  ce  m.oteur  plus  chaud  que  le  M 45  H nous 
a permis  Egaleu.ent  d'aborder  le  probleme  technologique  lie  a la  realisation 
d'un  tel  ensemble  et  de  trouver  des  solutions  satisfaisantes . 

Concernant  les  trompes,  1' etude  parametrique  (acoustiquo  et  propulsive) 
a porte  essentiellement  sur  1' influence  du  de  la  presence  ou  non  d'un  diffuseur 
et  du  traitement  acoustique. 

4.2.  - Resultats  des  essais 

4.2.1.  - Performances  propulsives 


Par  rapport  & la  premiere  tuyere  utilises  pour  degrossir  Its  pc rlorm trees 
du  dispositif,  un  gain  de  4 sur  le  coefficient  de  poussee  a ete  obt.enu  au  cours 
des  essais  successifs  de  mise  au  point.  Cette  amelioration  a ete  realisee  en 
optimisant  les  formes  internes  de  fagon  a supprimer  les  dcicollt men t s , en  reduisant 
la  surface  des  aubages  internes  pour  liniter  les  pertes  pa x'  froltement  et  en  ajustant 
les  lois  de  section  de  fa^on  A reduirc  les  vitesses  dans  les  zones  les  plus  critiques. 

Les  courtes  (planche  15)  du  coefficient  de  poussee  montront  que  pour  la 
tuyere  seule,  les  pertes  diminuent  lorsque  le  rapport  de  di'tente  du  jet  augmente;  en 
fe.it  les  pertes  denwurent  sensil  lenient  les  trSmcs  mais  1' induction  qui  s'etablit  au 
niveau  des  injecteurs  les  coirpensent  d'autant  plus  que  la  vitesse  d' ejection  augmente. 
Globaleme; .t , dans  les  conditions  du  M ^5  H pour  un  rapport  dc  detente  du  jet  melange 
voisin  de  1,56,  les  pertes  de  l'injecteur  par  rapport  a une  tuyere  convergente  de 
reference  seront  de  l'ordre  de  3 a 4 %, 

Les  essais  avec  tror.ipe  ont  permis  do  chiffror  l'itfluence  des  part-metres 
geomEtriques  <T  , en  particulier  sur  les  performances  propulsives  et  pour  les 
configurations  avec  traitement  acoustique,  d'es timer  les  pvortes  de  pous  Ec  corres- 
pondontes.  Nous  avons  resume  ces  prmcipaux  resultats  dans  le  tableau  ci-dossous, 
les  gains  de  la  trompe  Etant  exprimes  en  pourcentage  par  rapport  a la  tuyere  de 
reference . 


Gain  de  poussee  au  point  fixe  de  la tronpe  par  rapport  a la  tuyere 


. , P 

de  reference  j 

P 

a 


Trompi>  lisse 

<r. 

H 

II 

-si 

4 

4,5 

5 

14.5  % 

16.5  % 

20.5  3. 

20  3', 
22  3' 
2 5 "b 

4 

12,5  3, 

17,7  3' 

irompe  traitee 

4,5 

1 4 3* 

1 9 % 

5 

1 H 3,  3i 

21  < 

L'effct  de  diffiseur  est  assez  consequent  au  point  fixe,  tou'Afois  en 
vitesse  son  influence  devom.nl  moins  benefique,  une  optimisation  sera  necossairt. 
[.'estimation  des  pertes  do  poussee  dues  au  traitement  acoustique  pour  le  projet 
est  fonction  do  la  valour  du  coefficient  c'e  frottem'nt  a la  pnroi  que  1 'on  :dopto. 
Les  essais  sur  maquette'  Compares  a ros  calct  is  e!e  pri’o  isien  nous  ont  p<  rmis  d'ova- 
lutr  ce  cceff  ..cient  de  f ro  t teimv,  t . la  valour  adoptee  corre-spond  a environ  2,5  fois 
ceile  du  coefficient  do  frottemont  sur  la  plaque  plane  lisse,  valour  qui  par 
ailleurs  semble  se  reccuper  :.ve  ties  inrsures  de  fro  ttemunt  en  tunnel  hydiody  m.miqie 
sur  tble  perforce. 

Du  point  de  vue  de  1 ' in t erpre ta t ion  de  ces  re  sultats,  en  tenant  compte  de 
l'effet  d'ichelle  et  en  particuliei  elos  culots  rlont  on  no  pent  s ' af  f tanchir  pc  ur  le 
realisation  des  tuyeres,  nous  e.- t uncus  que  le  gnu  au  point  fixe  du  dispositif  au 
regime  de  decolltge  est  d ' au  moins  15 
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4.2 .2.  - Performances  acous tiques 


La  raise  au  point  acoustique  du  dispositif  est  intimement  liEe  aux 
performances  propels ives . La  division  du  jet  implique  une  augmentation  importante 
du  perimetre  de  tuykre  done  des  surfaces  de  frottement.  D'une  manikre  gEnErale  le 
meilleur  compromis  est  atteint  lorsque  1 ' attenuation  complEmentaire  due  & une 
modification  par  rapport  k la  solution  optimise-  est  Equivalents  k ce  que  l’on 
uurait  eu  si  on  nvait  opEre  une  reduction  de  la  poussEe  Egale  k celle  crEEe  par 
le  complEment  de  pertes. 

Les  Etapcs  successives  de  1 ' optimise t ion  tant  acoustique  que  propulsive 
nous  ont  perm  is  d'obtenir  au  stade  actuel  sur  maquette  une  attEnuation  du  bruit  de 
jet  latEralem.  nt  k 1 50  m au  groupe  moto-propulseur  de  13  PNdB.  En  survol  la  forme 
bidimensionnelle  du  jet  de  soufflage  est  favorable  k une  diminution  du  bruit  d' in- 
teraction avec  les  volets  par  rapport  k un  jet  cylindrique  ayant  mEme  rapport  de 
pression.  Sur  maquette  1 ' a t tEnua tion  correspondante  obtenue  a atteint  10  PNdB.  Les 
diagrammes  de  directivitE  prEsentEs  sur  la  planche  5 donnent  une  estimation  de  la 
forme  des  champs  sonores  linEaires  transposEs  a partir  des  essais  sur  maquette 
au  point  fixe. 

Les  essais  effect.ues  sur  le  moteur  JT  12  A6  (dispositif  seul  sans  voilure) 
ont  conf i rme  les  resultats  obtenus  sur  maquette. 

CONCLUSION  ET  POUHSI  ITE  DES  MISES  AU  POINT  DU  DISPOSITIF  D' EJECTION 

Les  essais  sur  maquette  nous  ont  montrE  que  ce  type  de  groupe  moto-propulseur 
presentait  l'interet  de  disposer  au  dEccllage  d ' un  apport  de  po'.ssee  par  rapport  au 
rroteur  de  rdfErerce  de  I'ordre  de  15  tout  en  liiritant  les  nuisances  acoustiques 
a des  niveaux  acceptable s. 

La  poursuite  de  ces  travaux  dans  le  sens  de  1 ' optimisation  aux  differentes 
phases  de  vol  devru  nous  permettre  de  presenter  un  projet  de  GMP  aux  performances 
tres  honiogenes.  Du  point  de  vue  acoustique,  1' effort  doit  se  centrer  sur  1'efficacitE 
du  traitement  de  trompe  et  sur  1 ' inf luence  de  la  vitesse  de  vol  sur  les  performances 
effectives  du  dispositif,  nos  prochaine  essais  en  translation  nous  fourniront  un 
enseignement  precieux  a ce  sujet. 


CONCLUSIONS  ft  E N E R A L K 5 

les  essais  rEsumes  ci-dossus  ont  permis  d'affronter  la  faisabilitE  du 
concept  "ALADIN  II"  comme  propulseur  silencieux.  L ' appl icu tion  k un  projet  d'avion 
3101.  est  possible  au  prix  d'un  taux  de  motorisation  limite  a 0,4  et  le  contrdle 
tr< nsversal  et  longitudinal  de  l'appareil  aux  basses  vitesses  apparent  possible  au 
moyen  de  gouvernes  classiques. 
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NOTATIONS 


cr 

cor  f f ic : ent 

de 

scuff] < ge 

de  la  tuyere 

■ n < 

a trie  e 

Cx 

coef f i cient 

de 

trainee 

Cz 

ooef f J c ient 

tie 

pert  ance 

Cm 

coefficient 

de 

moment  ce 

ci 

coef f i cient 

ik- 

moment  e'e 

reneiement  de  d 

r-viation 

apport.e  a la  qua ? > 1 i 1 e de  mouvemrnt 


tang age 

rouiis  do  la  tloini-voij  lire 
Poussee  devie'e 

Pcussre  sans  cloviation 


0 coefficient  ci  'augmentation  de  pcussc'-e  de  If 


Poussee  l rule  trompe 


Pc 

:us 

see  tuyere 

f ngle 

de 

braqunge  c'u  let  \olet 

&2 

angle 

de 

braquage  du  Pc'-ire  vclet 

Oj 

angle 

du 

jet 

i 

angle 

d' 

incidence 

1 rcmpe 


<rc 


section  du  melangeur  de  If  tronipe 
section  efficace  de  la  tuyere 


sectior  de  sortie  du  divergent  de  la  trompe 
section  du  melangeur 


C" 


T 


coefficient  de  pcus.-ee  rapporte  & la  poussee  isent.repique 
du  flux  n.oteur. 
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ETUDE  THEORIQUE  ET  EXPERBiENTALB  DU  SOUFFLAGE 
DE  COUCHS  LBiITB  A LA  CHARMERS  D*UN  V0L3T  HYPERS  US  TElTfATEUR 


par  Bernard  KONNSRIE  et  Guy  LOVAT 
Office  National  d’ Etudes  et  de  Recherchee  Ae r03patiales  (ONERA) 
92320  CHATILLON  (France) 


RESUKE 

Dans  le  but  d’apnrofondir  les  connaissances  sur  l'hypersustentation  par  souffley, - la  couche  liraite, 
un  montage  a grande  echelle  pennettant  1' etude  detaillee  des  couches  limites  bidimens? nnnelles  soufflucs  a 
6t6  mis  au  point  pour  une  soufflerie  basse  Vitesse  de  trois  metres  de  diametre. 

Les  etapes  marquantes  de  la  oise  au  point  et  en  particulier  le3  mesures  qu*  il  a fallu  prendre  nour  obtenir 
un  dcoulement  suffisamment  bidimensionnel  sont  exposees. 

Les  resultats  de  l'ejploration  de  la  zone  de  melange  entre  jet  et  couche  limite  sont  presrntes  et  confrontes 
aux  resultats  de  calculs  effectues  en  utilisant  un  modble  de  turbulence  repooant  sur  l'omploi  de  l1  equation  de 
Nee-Kovasznay  pour  le  coefficient  de  viscosite. 


THEORETICAL  AND  EXPEitBlGNTAL  STUDY 
OF  BOUNDARY  LAYER  CONTROL  BY  BLOWING  AT  THE  KNEE  OF  A rLAP 


SIKKARY 

To  increase  the  knowing  on  lift  augmentation  by  boundary  layer  blow  in-,  a large  scale  mounting  for  detailed 
study  of  two-dimensional  boundary  layers  has  been  sot  up  ir.  a low  speed,  three  meters  in  diameter,  wind  tunnel. 

The  important  phases  to  work  it  and  particularly  the  means  required  to  yet  a two-dimensional  flow  are 
explained. 

The  experimental  results  obtained  by  probing  the  jot  - boundary  layer  mixing  zone  are  oreccnted  and  compared 
with  computed  results  using  a turbulence  model  based  on  the  Nee-Kovasznay  equation  for  the  viscosity  coefficient. 


NOTATIONS 

A constante  de  production  de  viscosite  effective, 
b envergure  de  la  tranche  centrale  de  la  Paquette. 
B constante  de  dissipation  de  viscosite  effective. 
C/j  coefficient  de  ddbit  de  quantite  de  mouvement  : 
9".V,/q.b  t 
e.  largeur  de  fente. 

K constante  de  von  Kaiman. 

Kp coefficient  de  pression  atatiquo  (*P_V0 )/q0 
Ka, coefficient  de  pression  d'arrSt  ^a-V0)/q0 
SL  oorde  du  profil. 

LA  longueur  de  dissipation. 

V pression  statique  locale, 
pression  d'arrft  locale. 

pression  d'  alimentation  de  la  fente  situde  b 
l'avant  des  panneaux. 

^ pression  d' alimentation  de  la  fente  situde  b 
l'arribre  des  panneaux. 

^.c  pression  d' alimentation  de  la  partie  centrale 
du  canal  de  soufflage. 

^wpression  d' alimentation  des  parties  marginales 
du  canal  de  soufflage. 

^>0  pression  statique  de  veine. 

9 pression  cindtique  locale  jfu1 

9m  debit  masse  do  soufflage. 

90  pression  oindtique  b 1' inf  ini  amont 
R rayon  de  courbure  du  volet. 

-9  abscissa  curriligne  eomptee  bpartir  de  la  fente. 
u.  compos  ante  moyenne  de  la  vitease  dans  la  direc- 
tion principals  de  l'ecoulement. 

U.'  oomposante  fluctuante  de  la  vltesse  dans  la 
direction  principals  do  l'dcoulemert. 


U-r  Vitesse  de  frottement  - Vr./p 

v comoosante  moyenne  de  la  vitesse  sur  l'axe  perpendi- 
culaire  b la  maquette. 

v oomposante  fluctuante  de  la  vitesse  mu-  l'axe  perpon- 
dioulaire  a la  maquette. 

V»  vitesse  b l'infini  amont. 

Vj  vitesse  convent ionnolle  du  jot  en  sortie  de  fonte. 

X coordonnee  dans  la  di section  principals  de 
l’ecoulement. 

y coordonnee  suivant  1' envergure  de  la  maquette. 

X coordonnee  uans  la  direction  princinalo  de 
l'ecoulement. 

y coordonnee  perpendiculaire  a la  naroi  de  la  majuette. 
2)  coordonnee  perpendiculaire  u la  paroi  ae  la  ma:uette. 
S angle  de  braquage  du  volet. 

dfcc  - 

d>  fonotion  pouvant  ronresenter  u ou  Ve 
4"  fonctiof:  de  oourant  locale. 

fonotion  de  courant  b la  frontiere  interieure  de 
l'ecoulement. 

fonotion  de  courant  a la  frontiere  exterioure  de 
l'ecoulement. 

y coefficient  de  viscocitd  cinematiquc. 

coefficient  de  Sousoinesq  de  viscosite  'Vr-yp 
turbulente 

coefficient  de  viscosite  turbulente  effective  = V*>V 
f masse  volumioue  de  l'air. 

X" frottement  turbulent.  - - 
<jl>  fonotion  de  oourant  reduite. 
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1 - INTRODUCTION  - 

L'  inter?t  du  contrSle  de  couche  limits  par  soufflage  pour  au^jnenter  lea  coefficients  maxima  de  portance 
des  ailes  est  bien  conrn. 

Pour  se  rememorer  le  benefice  qui  peut  en  8tre  tire  on  pourra  3e  renortor  par  excode  a la  figure  1 . 

La  reduciion  des  distances  d'atterrissage  et  de  decollate  qui  on  resulte  peut  ?tro  sensible,  ce  qui  a 
fait  adopter  le  precede  sur  quelques  avions,  en  particulier  sur  les  avions  de  l'Aeronavale  qui  ne  disposent 
que  d'un  espace  tres  restreint  pour  atterrir  et  ddcoller  [F8,  F4,  BUCCAhTUK  par  oxcnple].  .Jvideccent 
1’ utilisation  de  ce  procede  entralne  1* installation  dans  l'avion  d'un  canal  de  souffla^o  et  do  tuyauteries 
pour  y amener  l'air  comprime  et  cela  se  traduit  par  une  augmentation  du  coQt  et  de  la  man.  a do  l'avion. 

Pour  savoir  si  cette  penalisation  oot  rentable  et  s'il  faut  adopter  cettc  methode  d'ny sere us tent at ion 
plutfit  qu'une  autre  il  faut  d'abord  bien  connattre  les  ph^nomenes  physiques  sur  lesquelr.  elle  repose  et 
batir  un  module  mathematique  pemettant  de  les  docrire  avec  precision. 

Alors  seulement  on  pout  envirager  d'optimiser  le  procede  ( e'est-a-dire  de  determiner  oil,  comment  et 
combien  il  faut  souffler)  et  d'evaluer  ce  qu'il  coflte. 

3i  l*on  dispose  a l'heure  actuclla  de  nombreux  resultats  ,-lcbaux  sur  1' utilisation  du  soufflaqe  de 
couche  limite  sur  volet  (_  1 J , les  anal  ses  experimentales  detailiees  sont  aeu  nombreus^s  ou  offectuOes  dans 
des  can  encore  asrez  eloi.-jies  du  eas  i-eel  des  applications. 

lincoura.pe  et  soutenu  f inane ie remen t par  les  services  officials  fran?ni3  (oervice  Technique  de  l'Aero- 
nautique  de  la  Delegation  KinisU’riolle  a l'Armemont)  l'Oi.aitit  a lance  la  mine  au  uoir.t  d'un  dispositif 
experimental  penuettant  1' analyse  ietaillee  des  couches  licites  scuff  lent.  cur  volet  hyp-orsustentatour  dans  des 
conditions  ce  noobre  de  tteynolds  aus.ii  real  is  tea  que  possible,  l'objoctif  titan:  triole  s 

- ameliorer  la  comprehension  de3  phtinoecnos, 

- ootenii  des  informations  precises  sur  l'offet  res  di  'ra  paraoetres  viter.ee  ae  jet,  rayon  de  couriure 
du  volet,  nombre  de  Reynolds, 

- foumir  de3  resultats  experimer.taux  de  reference  pour  la  cise  au  point  des  nb-noces  ae  calculs. 

L'ob.V  o ae  cette  communication  ost  ae  presenter  le  men  taro,  lc3  eta nos  do  sn  mire  au  oir.t  "t  les  premiers 

resultats  obtenus. 

2 - JtlCIX  DE  U HA-3J3 Tin  - 

Compte  tenu  des  objectifs  que  nous  nous  etions  fixes  s poosibili'e  d'otuios  detailiees,  obtention  de 
s-rands  nombres  de  Reynolds,  oomnaraison  des  resultats  experimentaux  a des  resultats  do  calculs,  il  etuit  tout 
indique  d'effectuer  une  btude  en  courant  plan,  in  effec,  l'utilisation  d'uno  coquette  tridimensionnelle,  m8me 
d'allongement  I'lativeraent  faible,  nous  aurait  conduits  a des  longueurs  tie  corde  setites  (inferieures  a 50  en 
dans  une  soufflerie  de  trois  metres),  et  par  ai Hours,  les  r/thodec  iisronihle  a actuellomont  pour  le  calcul 
du  melange  turbulent  ne  concemont  quo  de3  ecoulements  cidicencionnels. 

Il  a done  decide  de  nener  une  etuuo  or,  bidimen3i'nr.el  dan.:  In  souffle-,  ie  31  de  l'etnnlisoeceir 
Cii'ailA  de  Canne.  , souffle-ie  de  type  riff  el  it  vine  eirculnire  do  j m de  dinnett'-'  oi  rent  ha.  ituell^mer.t  offec- 
tuees  les  etudes  de  profils  aux  basses  vite.r  on  ( Vc  < 10  m/s)  pour  l'ONE.tA. 

Tour  ce  ■’wire  d'essai,  deux  nnni.eaux  verticr.ux  aistantr  de  1 - rint  nlacer  dans  la  soufflerie  et  la 
lorrueur  ce  lr  cords  des  nrofils  q ii  sor.t  c.v.ayes,  est  ->'ner -.ler.er.t  ie  0,7  if  c. 

Pour  l-’  'tube  dor.t  il  est  quest  i>n,  il  fallait  rcconr- ituer  uno  couch'  limite  au  rdvoau  du  volet  qui  soit 
tres  oDainst?  de  faqon  it  ? tre  d.ins  dor  rondi'ions  9U  realirtes  tue  no.  il  1>  - ir  rn  ■ ort  nu  car  du  vol  et 
pour  pouvoir  manor  sans  risque  ie  perturbation  ltportunta  toutos  les  investigations  exp/rimcntales  r. beer nai res , 
en  pai'ticulior,  1* exploration  do  la  couche  vi3queuse  au  coven  io  rondos  it  fil  chnud  or.  X dor.t  on  cait  qu'elles 
ne  neuvent  8tre  tros  petite3  (0  2/3  mm). 

11  a done  etc  decide  d'utiliser  une  maquotte  tr&s  lon.oue  constitute  pour  I'cssontiel  par  un  plancl.er  de 
1 ,6  a de  long  equine  d'une  partie  avant  de  0,5  m,  cambree,  et  ayant  un  /Tend  rayon  de  courbure  au  ord  i'at- 
taquo  nour  oviter  le  decollemont  premature  de  l'dcouloment  dans  cette  region  [ fi -Tire  2],  A l'extrdpiite  u 
nlanciier,  peuvent  $tro  aonteu  livers  vol»t<-  fixer,  carnet  Irises  par  leur  braquarc  et  le  ray  or.  de  la  portion 
de  cyl inure  circulaire  qui  raccorue  au  plancher  leur  pai'tie  plane  braquee. 

La  fonte  do  scuff lage,  d’epaisseur  variable,  est  situee  a l’extrecite  aval  du  plancher,  e'est-a-diro  a 
l'acon:  iu  vol^t. 


L'etude  du  montage,  la  surveillance  de  sa  realisation,  ainsi  que  la  conduite  des  essaio  ont  ete  asrurees  par 
Konsicur  A.  337. iaT,  Chef  de  l'etablissoment  ae  Canr.es. 


3 - MISE  AU  POINT  DU  MQNTASE  - 

3.1  - Cdndralitds  - 
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La  maquette  qui  vient  d'Stre  scnmairement  decrite  eat  susceptible  de  dormer  pleine  satisfaction  k tous  les 
objectifs  que  l'on  s'est  fixds  pour  l'dtude  dans  la  mesure  ou  l'on  est  capable  de  rdaliser  effectivement  un 
dcoulement  bidimens ionnel  autour  de  celle-ci  et  ceei,  on  s'en  doute,  demands  quelques  precautions  coopte  tenu 
de  sa  grande  taille  et  de  son  faible  allongement. 

3.2  - Moyens  de  contrCle  de  la  bidimensionnalite  - 

L' uniformite  transversale  a ete  cont.-filee  au  moyen  des  techniques  suivantes  dont  certaines  se  sont  reveldes 
extr8mement  sensibles  i 

- utilisation  de  brins  de  laine  : ce  procddd  met  bien  en  evidence  l'apparition  des  ddcollements  mais  ne 
peut  foumir  d' indication  trbs  prdcise  sur  1*  uniformite  transversale  de  la  couche  visqueuse, 

- utilisation  de  plusieurs  prises  de  pression  atatique  reparties  en  envergure  k une  m8me  abscissa. 

La  figure  3 donne  un  exemple  typique  d'dquipement  de  volet  en  prises  de  pression  dans  ce  but. 

L'experience  a montre  que  ce  test  etait  relativement  peu  sensible  et  que,  sauf  pour  des  configurations 
tres  dissymdtriques  avec  ddcollement  localise  au  voisinage  d'un  seul  panneau,  la  repartition  des 
pressions  statiques  en  envergure  rests  assez  uniforme  mSme  si  la  couche  visqueuse  est  aaiez  sensible- 
ment  non  bidimensionnelle. 

- utilisation  des  prises  de  pression  precddentes  en  prises  de  Stanton  pour  juger  de  Involution  en  enver- 
gure du  coefficient  de  frottement  k la  paroi, 

- utilisation  d'une  rangee  de  prises  de  pression  d'arrSt  sur  une  11*716  parallels  au  bord  de  fuite  k une 
altitude  de  15  mm.  Ce  test  permet  reellement  d' avoir  une  idee  precise  de  la  bidimensionnalitd  de  la 
couche  visqueuse  et  c'est  celui  qui  a dtd  le  plus  utile  dans  toute  la  phase  de  mise  au  point, 

- enfin,  come  test  ultime,  des  sondages  de  pression  d'arr8t  ont  ctd  effectuds  en  plusieurs  positions  en 
enver.-ure  au  voi3inage  du  bord  de  fuite  au  moyen  d'un  peigne  de  pression  d'arrSt, 

- aux  techniques  utilisees  dans  les  conditions  normales  de  fonctionnement  du  montage,  il  faut  ajouter  le 
contrSle  de  l'epaisseur  de  fente  au  moyen  de  jauges  d'epaisseurs  calibrdes  et  un  dispositif  pour 
l'erploration  hors  veine  de  1' dcoulement  en  sortie  de  fente. 

Avant  d'obtenir  les  resultats  satisfaisants  auxquels  nous  sotmes  arrives  en  ce  qui  conceme  la  qualitd  de  la 
bidimensionnalite,  toute  une  mise  au  point  a etd  necessaire  dont  les  diverse3  dtapes  vont  8tre  rapidement 
dvoqudes. 


3.3  - Probldaes  lids  h la  presence  des  panneaux  - 

Bien  evidemment  si  aucuna  precaution  n'est  prise,  un  ddcollement  s'installe  au  voisinage  des  panneaux 
latdraux,  aoit  des  deux  cdtds,  soit,  plus  frdquemoent,  d'un  soul  c8td  et  l'dcoulement  dans  ce  cas  est  extr8me- 
ment  tridimensionnel. 

La  premiere  idee  a dtd  de  contrfller  la  couche  limite  des  panneaux  latdraux  (voir,  figure  4,  les  mesures 
adoptees  k Cannes)  s en  fait,  sauf  pour  des  volets  faiblement  braquds,  cette  mesure  est  insuffisante  et  il 
faut  simultanement  awpaenter  la  quantitd  de  mouvement  injeetde  a la  cnamlbre  du  volet  au  voisinage  des  panneaux. 

Cioi  pout  8tre  effectud  de  deux  faqons,  en  au^aentant  soit  la  largeur  de  la  fente  au  voisinage  immediat 
de3  panneaux,  soit,  dans  le  cas  ou  le  canal  de  soufflage  est  fractionne  en  plusieurs  chambres  la  long  de  l'en- 
vergure,  en  augnentant  la  pression  generatrice  dans  les  chambres  situdes  au  voisinage  des  panneaux. 

Les  avantages  de  la  premiere  solution  sont  de  permettre  une  evolution  de  l'aocroissement  du  soufflage 
fonction  de  la  proximite  du  panneau  et  d'Stre  facilement  mise  en  oeuvre  t avec  notre  maquette,  il  suffiaait 
de  retirer  un  peu  de  la  mutibre  du  volet  au  droit  de  la  fente,  prbs  des  panneaux  ; cependant,  la  manoeuvre 
inverse  est  nettement  plus  coopliaude  et,  de  plus,  on  ne  peut  effectuer  de  rdglage  en  marche. 

La  seconde  solution  ndeessite  un  canal  de  soufflage  spdoialement  oonfu  pour  alijnenter  inddpendamment  les 
parties  marginales  de  la  fente  et  elle  conduit,  sauf  dispositions  particulibres,  k un  aceroissement  de  la 
quantitd  de  mouvement  soufflde  constant  en  envergure  sur  la  largeur  des  parties  margi:  ’les  oe  qui  constitue 
deux  inconvenients  j en  revanche,  elle  permet  un  rcglage  en  marche  ce  qui  est  trbs  pratique. 

Coopte  tenu  de  ce  bilan,  nous  avons  finaloment  utilise  3imultanement  les  deux  mdthodes  et  lea  figurea 
5 et  6 donnent  la  confi  uration  des  chanf reins  qui  a etd  adoptde  et  le  schema  du  canal  de  soufflage  et  de 
sos  canalisations  d'alimentation. 


3.4  - Problbme3  lio3  k la  fente  ae  soun'lage  - 

Un  autre  problems  k rdsoudre  est  celui  de  l'unifomitd  en  envergure  de  l'epaisseur  de  fente  et  de  la  pression 
d'alimentation.  La  const  an  ce  d°  l'epaisseur  de  fente  en  envergure  ne  peut  8tre  arsurde  qu'en  utilisant  des 
en*retoises  pour  cmpScher  la  levre  de  fente  de  se  ddformer. 

Dos  irrdgularites  dans  la  rdoartition  en  envergure  de  la  pression  d'arr8t  et  de  la  turbulenee  du  jet 
en  sortie  de  ‘onto  apparaissent  alors,  provoqudes  par  les  sillages  des  entretoises. 

Pour  y remddier,  il  a ete  nece3saire  de  placer  un  tamis  un  peu  en  aval  des  entretoises  et  juste  avant  la 
sortie  de  fente  (fipare  7). 
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4 - PRSSEHTATIOH  DU  MONTAGE,  DE  L1  EQUIPMENT  DE  K3SURES  ET  DE  U TECHNIQUE  EXP5RJMEHTALE  - 

Coopts  tenu  des  d tape a success  ives  de  la  mise  au  point,  la  maquette  et  la  technique  ezpdrimentale  ont 
subl  une  Evolution  et  c'est  unlquement  la  phase  finale  qui  eat  lei  prdsentde. 


4.1  - la  maquette  - 

La  forme  gdndrale  de  la  maquette  eat  celle  ddcrite  au  chapltre  2. 

Jusqu'h  present  cuatre  configurations  de  Tolet  ont  4td  essaydes  (voir  figure  8)  i 

- une  configuration  non  braquee  qui  foumit  un  caa  de  rdfdrenee  simple  et  done  particulikrement  intd- 
reasant  pear  tester  la  validitd  des  coddles  de  turbulence, 

- deux  configurationa  de  voleta  de  20  it  environ  de  profondeur  relative,  braquds  k 40°  avec  des  rayons 

de  courbure  de  120  et  240  mm  (aj  4,5  et  9 i de  la  oorde)  et  determines  de  fa? on  k ce  qua  lours  offload- 
tds  aoient  senaiblement  lea  mines, 

- une  configuration  de  volet  braqud  k 65°  avec  un  rayon  dt.  courbure  de  120  mm. 

La  maquette  eat  montde  entre  panneaux  au  centre  de  la  vein^  k Incidence  nulle. 

Compte  tenu  des  efforts  importants  qui  sont  susceptiblea  de  s'exercer  aur  elle,  elle  ne  peut  itre 
montde  aur  les  balances  de  la  soufflerie  j elle  eat  tenue  par  trois  mats  inertea  venant  du  plafond  de 
la  soufflerie  et,  pour  que  ceux-ci  aoient  charges  en  traction,  la  maquette  eat  retoumde,  l'extradoa 
etant  done  en  bas  et  l'intrados  en  haut  (figure  9). 


4.2  - Lea  panneai c - 

Les  panneaux  sont  equipds  de  deux  fentea  de  aoufflage  dont  les  pres3ions  d' alimentation  peuvent  itre 
dtablies  a des  niveaux  differents  (la  figure  4 en  prdaente  les  principales  caracteristiques). 

Le  reglage  eat  effectue  soufflerie  en  marche,  en  presence  de  la  maquette  uipee  de  la  configuration  k 
etudier  et  alimentee  a un  Cfi  aupdrieur  au  C/j.  de  rccollement  t Un  peigne  fourni3sant  en  lecture  direete  cur 
un  multimanometre  a alcool  le  urofil  des  prossions  d’arrit  de  la  couche  limite  aur  le  panneau  au  droit  de  la 
fente  de  soufflagc  du  volet,  lea  di verses  pressions  de  chambre  sont  ajuateea  de  fa?on  k obtenir  le  profil  le 
plus  plat  possible. 

Des  exemples  sont  presents  aur  la  fi.qure  10. 

Pour  des  essai:  a une  autro  vitesse,  on  conserve  sensiblement  constant  lo  coefficient  de  quantite  de 
mouvement  correspondarit  e'est-k-dire  qu'en  pratique  on  fait  evoluer  la  surpression  (fj.  - P0)  comme  le  earre 
de  la  vitesse  d'essai. 


4.  ' - Le  canal  de  souffln y:  - 

Le  canal  de  soufflago  est  con?u  de  fa? on  a oe  quo  les  Dirties  maniinales  de  la  fente,  sur  150  mm  d'enver- 
gure  au  voisinage  des  panneaux  puiscent  itre  aliment  ’os  ai  necesoaire  k une  pression  differente  do  celle  qui 
est  utilises  pour  la  partie  centrale. 


Le  debit  masse  nlimentant  la  partie  centrale  do  700  nm  d'envergure  est  mesurd  par  ur  debitnetre  ArliOii  k 
diaphrcvmo,  co  qui  pentot  ie  dC-  ersiner  le  coefficient  de  quantite  de  mouvement  conventionaol  de  l'ooaai  : 

9 m Vj 


t.Sx 


9 m debit  masse  mesure, 

9 o pression  cinetique  de  1' fcoulemcnt  extdrieur, 
JL  longueur  du  ulnncher  2,1  m 
Jtr  onvergure  de  la  oartie  centrale  0,7  m 


Vj  determine  par  detente  isentropiquo  entre  la  pression  do  chambre  et  la  oression  statique  de  veino. 


L'ecouloment  en  sortie  de  fente  doit  itre  le  plus  uniforme  possible  c'est  pourquoi  le  dispositif  d'alimen- 
tation  comporte  : 

- une  chambre  d' alimentation  et  unu  chanbre  de  distribution  en  amont  de  la  chambre  de  tranquillination  iui 
conduit  k la  fente  figure  1 1 ] 

- deux  tanis,  l'ur.  ae  41  a do  permeabilite  geometrique  dans  la  chanbre  d' alimentation  et  l'autre  de  29 
a l'aval  des  ontretoisea. 

Los  volets  sont  fixes  car  la  base  da  canal  de  soufflage  par  l'intermediaire  d'un  talon  d'assemblage. 
jes  calcs  inserees  entre  la  base  du  canal  et  lo  talon  percettent  de  faire  verier  l'dpaisoeur  de  fente. 


4.4  - Detemination  de  la  vitesse  d'essai  - 

Etant  donr.e  la  faiblo  lon,queur  de  la  voino  d'essai  par  rapport  a la  longueur  de  la  maquette,  la  vitesse  d'essai 
doit  it  re  deteminde  par  integration  des  indications  d'une  serie  de  sondes  de  pression  statiiue  placees  en 
amont  de  la  maquette  un  neu  en  aval  du  bord  d'attaque  des  panneaux. 
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4.5  - hgulpement  de  mesure  - 

Outre  l'kquipaner.t  deja  signale  pour  le  oontrfile  de  la  bidimensionnalite  (voir  § 3),  la  maquette  eat  6qui- 
p^e  k l'extrados  d'une  rangee  de  prises  de  pression  statique  pemettant  de  reconstituer  touie  l'histoire  de  la 
couche  lifflite  depuis  aa  naissance  au  bord  d'attaque  jusqu'au  bord  de  fuite. 

Pour  effectuer  los  sondagea  de  la  couche  visqueuse,  on  utilise  'in  explorateur  discimuld  dans  un  carenage 
d'intrados  qui  ports  soit  une  bisonde  pour  la  mesure  de  la  pression  d'arrft  et  de  la  pression  statique  (figure 
12)  soit  une  sonde  k fils  cnauds  croises  pour  la  determination  du  frottement  turbulent  T" . On  vkrifie  sur 
les  repartitions  de  pres3ion  statique  longitudinals  que  le  dispositif  de  Bondage  ne  perturbe  pas  de  fa?on 
sensible  l'kcoulement. 

4.6  - Chaises  de  mesurea  - 

Les  chaises  de  meaures  sont  de  type  clasaique,  TRAfJCHAWr  pour  lea  mesurea  de  pression  et  DISA  pour  les  mesures 
de  turbulence. 

L'aoquisition  des  resultats  est  effectuke  grSce  k un  ensemble  HEWLEIT  PACKARD  qui  oermet  notamment  la 
conduite  automatique  des  explorations. 

II  faut  signaler  enfin,  qu'a  cause  de  la  presence  d'un  niveau  de  turbulence  important  dans  la  zone  de 
melange,  il  est  necessaire  de  filtrer  les  hautes  frequences  lors  des  mesures  de  pressions  d'arrSt  si  l'on 
veut  limiter  la  dispersion  des  mesures.  Des  filtres  paffle-bas  ay  ant  une  frequence  de  coupuro  k 0,1  Hertz  ont 
et6  utilises  pour  les  easais. 

4.7  - Mode  op6ratoire  - 

Le  soufflage  des  panneaux  etant  regie  comme  iniique  au  § 4.2,  on  prockde  au  rdglage  du  soufflage  de  l'alimenta- 
tion  des  fentes  marginalea  en  observant  la  repartition  des  pressions  d'arrSt  et  des  pres3ions  statiques  en 
envergure  au  voisinage  du  bord  de  fuite. 

II  faut  remarquer  que  ce  rkglage  r.'a  pas  une  importance  critique,  l'^'  lement  dans  la  par.ie  centrale  de 
la  maquette  etant  relativement  :>eu  dependant  de  ce  qui  ae  passe  au  voisinagv  des  pannoaux  dee  lors  au'un  de- 
co 11  ement  ne  s'y  produit  pas  (figure  13). 

Le  releve  de  la  repartition  longitudinals  des  pressions  est  cnsuite  effoctue  puis  on  passe  au  sondage  de 
la  couche  visqueuse. 

5 - PRass;.TArion  des  resultatu  acPE^smux  - 

5.1  - Volet  non  Prague  - 

La  repartition  de  pression  longitudinals  sur  la  maquette  qui,  dans  ce  cas,  est  pratiquoment  une  plaque 
plane  est  donnee  figure  14  avec  les  reoartitions  de  la  ores  si  on  statique  et  de  la  pression  d'arrfit  en  envergure 
au  voisinage  du  bord  de  fuite  pour  2 valeurs  du  coefficient  C/i  de  debit  de  qunntite  de  mouvemont. 

Ces  elements  permettent  de  voir  que  la  qualitd  de  1r  bidimensionnalite  obtenue  pour  l'dcoulement  est  assez 
bonne  a faibl6  C> iet  qu'elle  ae  ddteriore  16gkrement  lorsque  le  C/*  augmentant,  les  coefficients  de  frottement 
paridtaux  deviennent  plus  eleves.  La  figure  ’ 5 montre  par  ailleurs  les  ecarts  maxima  trouves  entre  six  sondage s 
effectues  a la  m&ne  absoisse  (A  = 642  ) k des  positions  diffdrentes  en  envergure  [200 <yrmT, 800]. 

Les  profils  de  pression  statique  [Kp]  et  de  pression  d'arHSt  [Kp,,  J dans  la  couche  de  melange  k di verses 
stations  en  aval  de  la  fente  de  30ufflage  et  pour  2 valeurs  du  coefficient  C/»  sont  presentes  figures  16^bcd 
tandis  que  le  profil  de  la  couche  limite  initials  au  droit  de  la  fente  est  donne  figure  17. 

Les  figures  1b  et  19  montrent  devolution  des  profilq  de  vitesse  correspondant  k oes  mesuros  lorsque  l'on 
s'eloigne  de  la  sortie  du  jet. 

Enfin  on  trouvera  fi-'ure  20  les  profils  de  frottement  turbulent  rdduit— At-'  v'/ Vo*  . 

5.2  - Volet  braque  a 40°  - 

5.2.1  - La  caracterisation  complete  de  l'dcoulement  sur  le  volet  ayant  un  rayon  de  courbure  de  240  nm  (voJot 
240/40°)  a dte  effectuee  comma  precddemcent  pour  un  cas  d'essai.  Sont  presentes  pour  une  vite3oe  d'essai  de 
20  m/s,  une  kpaisseur  de  fente  de  2 mm  et  unC/i  de  0,02  1 

- Figure  21,  la  repartition  de  pression  statique  longitudinals  et  les  repartitions  de  pression  statique 
et  de  pression  d'arrSt  en  envergure  au  voisinage  du  bord  de  fuite, 

- Figur*22  abc>  les  profils  de  pression  statique  et  de  pression  d'arrSt  dan3  la  couche  de  melange  aux 
stations  A = 140,  260  st  560  mm, 

- Fimre  23,  les  profila  de  vitesse  correspondents, 

- Fi qure  24,  les  profils  de  frottement  turbulent  rkduit, 

- Figure  25,  le  profil  de  couche  limite  sur  la  maquette  au  droit  de  la  fente, 

5.2.2  - L'effet  d'une  variation  de  l'epaisaeur  de  fente  c'est-k-dire,  k coefficient  C/t  constant,  d'une  variation 
de  la  vitesse  de  jet  peut  6tre  apprdcik  d'aprks  les  Bondages  effectues  k la  station  500  et  prksentds  figure 
26.  On  constate  un  effet  favorable  do  la  diminution  de  l'6patsseur  de  fente  conformkment  k oe  que  de  ncobreux 
auteurs  ont  ddjk  fait  ressortir. 
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L'effet  d'une  variation  du  nombre  de  Reynolds,  obter.ue  en  augnentant  la  Vitesse  d'essai,  a etc  examine 
de  la  Bene  fa? on  pour  l'epaisseur  de  fente  la  plus  petite. 

Les  resultats  presentEs  figure  27  montrent  un  effet  favorable  de  1' alimentation  du  nomoro  de  Reynolds 
qui  se  traduit  par  une  diminution  du  de  recollement,  valeur  du  coefficient  de  quantite  de  mouveraent 

minimale  nEcessaire  k l'obtention  d'un  regime  sans  decollement  sur  le  volet. 

On  peut  l'entrevoir  sur  la  figure  26  qui  donne  1' evolution  de  la  cress  ion  cin  tique  reduite  cf/cl0  a 15  mm 
d' altitude  au  voisinage  du  jord  de  fuite  en  fonction  du  C^i  . 

Bien  qu'aucune  recherche  syEtematique  n'ait  encore  ete  effectuee  oour  ditonsiner  de  fa?on  trfes  precise 
les  valeurs  des  Cp.  de  recollement,  les  essais  effectues  a ce  jour,  ayant  montrE  qu'au  C/Jde  0,01  il  y a 
decollement  dans  tous  les  cas  on  peut  avancer  avec  une  marge  d1  incertitude  do  l'ordre  de  0,002  les  evaluations 
suivante3  pour  les  Cp  dc  recollement  : 

0,0150  k 20  m/s  pour  la  fente  de  2 mm 

0,0125  k 20  m/s  pour  la  fente  de  1 mm 

0,0105  k 30  m/s  pour  la  fente  da  1 cm. 

5.2.3  - L'effet  d'une  variation  du  rayon  courbure  du  volet  est  donne  figure  29. 

On  constate  un  effet  favorable  de  la  diminution  du  rayon  de  courbure  qui  conduit  a un  C n de  recollement 
pour  le  volet  120/40°  avec  fente  de  2 mm  Egal  sensiblement  a celui  obtenu  pour  le  volet  240/40°  avec  fente  de 

1 mm. 

Les  repartitions  de  pression  longitudinales  et  transversales  correspondent  a ce  volet  sont  portees 
figure  30. 

5.3  - Volet  braque  k 65°  - 

Les  rEsultats  concemant  oe  volet  sont  prEsentEs  : 

- Figure  31  pour  la  repartition  de  pression  statique  longitudinale  et  les  repartitions  de  pression 
statique  et  de  pression  d'arrEt  en  envergure, 

- Figure  32  pour  le  profil  de  pression  statique  et  de  pression  d'arrSt  au  bord  de  fuite. 

L' evaluation  du Cp  de  recollement  comme  prEcEdemmer.t  donne  une  valeur  de  l'ordre  de  0,035. 

6 - EXPOSE  DE  U METHODE  BE  CALCUL.-  COKPARAISOH  DSS  RESULXATS  AVEC  L'SXPERIEUCE  - 

6.1  - GendralitdB  - 

Le  mEthode  de  calcul  que  nous  avons  utilises  dans  le  but  de  prevoir  1' evolution  d'un  profil  de  couche 
limite  soufflEe  est  une  mEthode  au*  differences  finies  preferable  au*  mEthodes  integrales  qui  necessitent  la 
connaissance  de  la  forme  du  profil. 

Parmi  lea  divers  modklea  de  turbulence  existants,  on  a choisi  un  modele  utilisant  le  coefficient  de 
Bouasinesq  A qui  en  dEpit  de  cert  J.nes  imperfect  Iona,  (caractere  local,  isotropie  des  d changes  turbulents, 
incompatibilitE  avec  le  cas  du  jet  pariEtal  pour  lequel  u'v'ne  e'annule  pas  au  maximum  du  profil  des  vitesses) 
'tvnne  dans  bien  des  caa  de3  rEsultats  acceptablea. 

Le  problfeme  de  1* Elimination  du  oaraotkre  local  de  oe  coefficient  de  vi3cosite  turbulente  est  rdsolu  par 
l'utilisation  de  1' Equation  de  Nee-Kovasznay  [2]  qui  a de  plus  l'avantage  d’avoir  une  forme  analogue  a cells  df 
1*  Equation  de  quantitE  de  mouvement,  et  done  de  permettre  un  trait  omen  t numErinue  identiaue  a celui  utilise 
pour  la  rEsolution  de  oette  Equation. 

Le  programme  utilisE  a EtE  mis  en  oeuvre  par  D.  Jeandel  [3]  pour  la  couche  limite  ouis  adapte  au  cas  du 
jet  parietal  et  de  la  couche  limite  soufflEe  par  P.K.  Riboud  [4]. 


6.2  - Equation  de  Nee-Kovasr 


C'est  une  Equation  de  oomportement  de  la  visoositE  turbulente  effective  Ve  ("  Ve  = 9 + 9t  J 
constituEe  ) . _ 

- d'un  terme  de  convection  At  g-j-  + V gy 

- d'un  terme  de  diffusion  ^ St  } 


— VI  Uli  UOIUC  UC  UUUOiVU  — I W . I 

DY  ' 57  ' 

- d'un  terme  de  production  A [ - V ] 

-d'un  terme  de  dissipation  /l?d 


Slle  a'Ecrlt  1 


Et  0*  + v a*  r A.  ( * ^ \ + A (Vc  -V)  _ ft  l>-v^Ve 

Ox  «)y  <)y ' <Jy  > v ' Dv  L*d 
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L* utilisation  de  cette  equation  impose  la  choix  d'un  models  de  longueur  de  dissipation  Id  ainsi  que  ues 
deux  constant®  & et  fi.  Cellos-ci  ne  3ont  pas  independantes  puisque  pres  de  la  paroi,  & la  frontiero  de  la 
sous  couche  laminaire  [Y  ih  / v > 30  J dans  une  zone  oil  convection  et  dissipation  3ont  negligeablcs  on  doit  avoir 
l'dgalite  entre  production  et  dissipation  ce  qui  conduit  a : A - K*B  K etant  la  constante  do  la  loi  de 
longueur  de  melange  dans  la  zone  de  paroi  (constants  da  Von  * Canaan). 


Dans  la  zone  de  paroi,  les  dimensions  caraoteristique3  des  structures  fines  disci  natives  3uivont  celle  des 

structures  h plus  grande  echelle  c • qui  conduit  a poser  Ld:  V . 

L'hypothese  suivant  laquello  la  dissipation  de  la  viscosit i turbulente  ost  comi .and  tie  par  lea  structures 
du  jet  conduit  1 t>oser  L<J-  Vvz  a l'exterieur  de  cette  cone,  Y>/i  etant  defini  comme  l’ordonnue  du  Doint, 
situe  dans  la  partie  superieure  du  jot,  oil  la  vitesse  est  bgale  h.  la  dcmi-comme  de  la  Vitesse  oxterieure  et  de 
la  vitesse  maximlo  du  jet*  Bn  definitive  pour  y 4 YYi  on  a Ld  = Y 

et  Dour  V > y y4  on  a Ld  = Y '/x 

Ce  modele  etant  adopte  pour  la  longueur  de  dissipation,  les  constuntes  A et  S>  ont  ete  choisies  egales  h 
celles  definies  par  P.K.  fiiboud  pour  le  oaa  du  jet  parietal  (A  = 0,133  J*5*  = 1,05). 

Bn  effet,  un  examen  comoarutif  des  profils  de  vitesse  et  de  turbulence  sous  forme  reduite  pour  le  jet 

parietal  et  pour  la  couche  limite  soufflee  justifie  ce  choix. 


6.3  - Kethode  de  resolution  - 

La  methode  utilisee  pour  resoudre  le  systeme  des  trois  equations  d base  (Equation  de  continuite, 
Equation  de  quantity  de  mouvement,  equation  de  liee-Kovasznay)  est  eelle  de  Patankar  et  -paid in,-  [5]. 


Elle  consiate  a utiliser  non  pas  un  systeme  de  coordonnees  ( X,Y  ) mais  un  systeme  (*,eo  ) qui  a 
1' a vantage  de  suivre  1' evolution  transversale  du  profil.  On  satisfait  a l'eeuation  de  continuite  on  introdui- 
sant  la  fonction  de  courant  y telie  que  : jjy  _ 

■T*  ~ ' v 


oil  Hfc 


et  ^ = 

La  fonction  de  courant  sans  dimension  oJ  est  alors  definie  par  t uJ 
et  V]  sont  les  valeurs  de  la  fonction  de  courant  aux  frontieres. 


y - y'i  to 


Les  deux  equations  se  ramenent  alors  h la  forme  commune  : 
' - ' f <)u)  Oiu  / 


d X 


1 u> 


<J>  pouvant  representer  la  vitesse  u.  ou  la  viscosite  turbulente  effective  Yc  . 

Par  la  linearisation  de  ces  equations  on  obtient  doux  relations  implicites  independantes  relatives  a la 
vitesse  et  a la  viscosite. 


Les  donnees  ndeessaires  a la  resolution  mimerique  de  con  equations  sont  le3  valours  4>  (x)  aux  frontieres 
I et  6 ainsi  que  les  profils  initiaux  $(tx>)  . 


6.4  - Cas  d une  couche  limite  soufflee  se  developpant  en  l1  absence  de  gradient  de  pression  - 

Ce  cas  est  pratiquement  realise  lors  de  l'etude  du  volet  k braquage  nul. 

L' utilisation  du  programme  de  calcul  necessite  des  donnees  qui  sont  I03  profils  de  vitesse  et  de  viscositd 
dans  la  section  initiale,  ainsi  que  1' evolution  lonritudinale  de  1-:  vitesse  et  de  la  viscosite  turbulente  h la 
frontiers  extdrieure. 

Les  donnees  dan3  la  section  de  lortie  du  jet  sont  mal  connues,  les  dimensions  de  la  fento  ne  permettant 
pas  de3  explorations  precises,  notanmerit  on  ce  qui  concerne  la  viscosite  turbulente,  par  suite  des  dimensions 
des  3ondes  a fils  croises.  Pour  cette  raison,  les  calculs  ont  d'abord  ete  effectues  a partir  d'uno  station  en 
aval  do  la  fento  (s  = 14C  mm),  station  oil  les  Bondages  de  vitesse  et  de  contraintes  turbulentes  deviennent 
possibles  et  permettent  de  preciser  les  conditions  initiales  du  calcul. 

Le  bon  accord  des  vesoltats  de  calculs  avec  l'experience,  obtonu  au  cours  de  devolution  de  la  coucne 
limite  soufflee  jusau'au  hord  de  fuite  du  volet,  aussi  bien  pour  de3  profils  de  vitesse  que  pour  les  profils  des 
contraintes  turbulente^  a justifid  d posteriori  les  divei-3  choix  offectuds  et  permis  d'envispgar  les  calculs 
h partir  do  la  fento. 

Pour  ceux-ci  on  a considers  lc  jot  comme  constituc  de  deux  couches  limitec  se  raccordant  a une  zone  oil  la 
vitesse  resto  constante.  La  viscosite  initiale  a ete  obtenue  en  utilioant  une  loi  de  lorvueur  do  melange  pour 
1* ensemble  du  profil. 

Los  rdsultats  obtenus  bout  C fj  = 0,01  ainsi  que  lour  oomnaraison  aux  rdsultats  expdrimontaux  sont  presentds 
figure  33  au  niveau  des  profils  de  vitesse  et  des  profils  de  contrainte  tanpenticlle  turbulente  reduite. 
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Le  bon  accord  obo  .i  entre  1' experience  et  les  rdaultats  de  calcul  eat  remarqusble  compte  tenu  dee 
ldgfcres  incertitudes  experimentales  et  de  la  fa?on  relativement  schematique  de  repr4senter  le  profil  initial 
du  jet. 

Four  un  volet  & braquage  nul,  il  apparait  done  que,  le  felt  d'avoir  oboisi  un  noddle  de  turbulence  faieant 
colncider  le  point  de  contrainte  turbulente  nulle  avec  1' extremum  des  vitesaes,  n'est  paa  rddhibitoire  et  qua 
l'emploi  des  constantes  A et  & determinees  pour  un  jet  parietal,  convient  au  calcul  d'uno  couche  Unite 
soufflee  jusqu'k  un  moment  assez  tardif  do  son  Evolution. 

6.5  - Cas  d'une  couche  limite  aoufflke  se  developpant  en  presence  de  gradients  de  pression  - 

Dans  le  cas  d'un  volet  braque,  le  calcul  doit  tenir  compte  non  seulement  d'un  gradient  de  pression 
longitudinal  mais  aussi  d'un  gradient  de  pression  transversal  par  suite  de  la  courbure  du  volet. 

Im  prise  cn  compte  de  l'effat  de  courbure  introduit  une  Equation  suppldmentaire  et  modifie  les  Equations 
de  depart  ce  qui  empSche  leur  resolution  par  la  methods  de  calcul  utilisde  ici. 

Plutfit  que  de  ndgliger  purement  et  simplenent  cet  effet  nous  avons  introduit  en  donn4es  un  champ  de 
pre3oion  PfX,y)r  P(X, O ) ♦ y (x'j  ■ ( x}  dtant  obtenu  soit  par  1' experience  soit  au  moyen  d'un 

o y J u y ' 

calcul  en  fluide  parfait. 

Uh  seul  oaloul  a dtd  poor  l'instart effect ud.  la  oonfrontation  des  rdsultats  avec  les  rdsultats  experi- 
ment aux  presentee  figure  34  montre  un  accord  assez  satisfaisant  dans  1' ensemble  oe  qui  laisse  bien  augurer  de 
l'utilisation  de  cette  methods  dans  l'avenir. 

II  est  certain  cependant  qu’une  amelioration  est  souhai table  pour  la  definition  du  profil  de  depart 
du  jet  et  pour  la  prise  en  compte  de  1* effet  de  courbure. 


7 - COUCLUSIOKS  - 

Un  montage  k grande  dchelle  permettant  1' etude  d6taill6e  des  couches  limites  bidimensionnelles  souffldes 
sur  volet  hypersustentateur,  dars  des  conditions  r^alistes  de  nombre  de  Reynolds,  a etd  mis  au  point. 

Le  probleme  pose  par  l'obtention  d'une  bidimensionnalitd  effective  de  la  couche  viBqueuse  sur  le  volet 
a etc  resolu  en  effectuant  le  contrflle  de  la  couche  limite  des  panneaux  lateraux  par  Houf flags,  en  augnentant 
le  debit  de  quantity  de  mouvement  injeetd  sur  le  volet  au  voisinage  immddiat  des  panneaux  et  en  veillant  k ce 
que  la  bidimensionnalite  du  jet  k la  sortie  du  canal  de  souf flags  soit  elle-m8me  irreprochable. 

L'utilisation  du  montage  a pormis  d'obtenir  un  ensemble  oomplet  de  rdsultata  expdrimentaux  sur  le  deve- 
loppemont  du  melange  entre  le  jet  et  la  couche  limite  de  la  maquette. 

Ceux-ci , qui  comprennent  des  donneea  sur  le  frottement  turbulent  doivent  permettre  de  choi3ir  parmi  les 
modelea  de  turbulence  exist  ant  a ceux  qui  permettent  de  pr6voir  par  le  calcul  le  d4veloppement  do  melange 
observe. 

Un  modele  relatirement  simple  mais  prometteur  a mis  en  oeuvre.  II  utilise  le  concept  de  viscosity 
turbulente  et  repose  sur  l'utilisation  de  1' Equation  de  Nee  Kovasznay. 

Les  premieres  comparaisons  effectuees  entre  result  at  a expdrimentaux  et  r^sultats  de  calcul  sont  en  effet 
trfes  encourage antea . II  apparait  toutefois  souhaitable  d'affiner  la  mod^llsation  du  jet  pour  un  calc'll  partant 
de  la  sortie  de  fente  et  d'am^liorer  la  prise  en  compte  de  l'effet  de  courbure. 
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figure  10  - Kffet  du  souf flags  des  panneaux  aur 
l'tJpaisseur  de  leur  couche  limite. 
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Pi, 'Sire  11  - Seh.cr.a  du  car.al  de  soufflage. 


Figure  12  - 3c her. a de  la  bi3onde  utilises  pour 
les  sor.dage3  de  couche  linite. 
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figure  17 

Profil  do  pression  d'arrfit  mesure  dans 
la  couche  limite  sur  la  naquette  au 
droit  de  la  fente  de  souf flags  (volet 
non  braque). 


figure  18  - Evolution  du  profil  de  vitesce  r.esure 
dans  une  couche  limite  soufflee  lorsque 
la  distance  k la  sortie  de  jet  crolt 
(volet  non  braque,  Cu=-  0,009). 
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figure  19 

Evolution  du  profil  de  vitesse  mesur£ 
dans  une  couche  limite  soufflde  lorsque  ^ 
la  distance  a la  sortie  de  jet  crolt 
(volet  non  braque,  C '^u  = 0,029). 
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figure  20 

Profils  de  frottement  turbulent  reduit 
mesures  dans  une  couche  limite  soufflee 
sur  volet  non  braqu£. 
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Figure  22  ^ 

Profils  de  pression  d'arrflt  et  de 
pression  statique  mesur^s  dans  la 
couche  limits  soufflke  sur  le  volet 
240/40,  k l'abaciase  140  nm. 


Figure  22fl 

Profile  de  pression  d'arrSt  et  de 
pression  statique  mesurds  dans  la 
couche  limits  soufflde  sur  le  volet 
240/40,  k l'abscisse  280 
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Figure  23 

Evolution  du  profil  de  vitesse  mesure 
dans  une  eouche  limite  soufflde 
lorsque  la  distance  h la  sortie  de 
jet  crolt  (volet  240/40°, Cu  = 0,020). 
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Figure  24 

Profils  de  frottenent  turbulent  reduit 
mesures  dans  la  couche  limite  soufflee 
sur  le  volet  240/4u°. 
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Figure  25 

Profil  de  pression  d'arr^t  mesure  dans 
la  couche  liuite  sur  la  naeuette  au 
droit  de  la  fente  de  soufflage  (volet 
240/40°). 


Figure  26 

ufi’ct  d’une  variation  de  l'coaisseur 
de  for. to  sur  les  profile  de  preccion 
nosurt  c dans  la  couche  visqueuse  au 
voisinago  du  bord  de  fuite. 
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Figure  27 

Effet  d'une  variation  du  'ombre  de 
Reynolds  aur  lea  profile  de  press ion 
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Figure  28 

Evolution  en  fonotion  du  C j*  de  la 
preasion  dynaaioue  en  un  point  aitud 
h 15  mm  d'altitude  au  niveau  du  bord 
de  fUite. 


Figure  29 

Effet  du  rayon  de  courbure  du  volet 
sur  lea  profils  de  preasion  meaurda 
dans  la  couche  viaqueuae  au  voia inage 
du  bord  de  fuite. 
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Figure  32  - Profils  do  pression  d'nrr?t  et  do  Dression 
stntique  mesurus  dans  la  couche  visaueuse 
sur  lo  volot  120/65°  a l'aDcciese  580  mm. 


Figure  31  - Hepartitions  de  pression  mosurccs  sur 
le  volot  120/65°. 


Figure  33  - Voir  page  suivante. 
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Figure  33  - Profils  de  vitesse  et  de  frottement  dans  la  eouche  Unite  souffle  our  !e  volet 
non  braqu4  : oonparaisoai  oaloul  - experience  (Vb  = 20  m/a  C = 2 na  » 0,009;. 
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AERODYNAMICS  OF  JET  FLAP  AND  ROTATING 
CYLINDER  FLAP  STOL  CONCEPTS 


'Woodrow  L.  Cook,  David  H.  Hickey,  and  Hervey  C.  Quigley 
Ames  Research  Center,  NASA 
Moffett  Field,  California  94035 


SUMMARY 


The  aerodynamic  effectiveness  of  various  propulsive  lift  concepts  to  provide  for  the  low-speed  performance  and  control  required 
of  short  takeoff  and  landing  (STOL)  aircraft  depends  on  a close  interrelationship  between  the  propulsion  system  and  aerodynamic 
components  of  the  aircraft.  The  relative  effectiveness  of  different  lift  concepts  has  been  evaluated  through  static  and  wind  tunnel 
testing  of  various  aerodynamic  models  and  propulsion  components,  simulations  of  aircraft,  and,  in  some  cases,  flight  testing  of  research 
aircraft  incorporating  the  concepts  under  study. 

The  concepts  tested  were  augmented  and  internally  blown  jet  flaps,  upper-surface  blown  flaps,  and  externally  blown  flaps.  Results 
of  testing  with  large-scale  models  are  presented,  which  show  the  aerodynamic  effectiveness  for  the  various  concepts.  Advanced 
augmented  jet  flaps  were  tested  for  improvements  of  the  static  augmentation  ratio,  effects  of  forward  velocity  on  augmentation  ratio 
lapse  rate,  and  for  potential  reductions  in  noise.  The  results  of  flight  tests  of  STOL  research  aircraft  incorporating  augmented  jet  flaps 
and  rotating  cylinder  flaps  are  presented  and  indicate  the  relative  effectiveness  of  these  aircraft  in  providing  steeper  approach  flight 
paths  at  low  forward  speeds  as  well  as  the  effect  of  ground  on  their  aerodynamics. 

NOMENCLATURE 

A landing  approach  flight  condition 
AAR  nozzle  array  area  ratio,  nozzle  height/nozzle  area 
AERO  aerodynamic  lift  coefficient 
A\  aspect  ratio,  b2/S 

b wing  span,  ft  (m) 

E mean  aerodynamic  chord 

Cp  drag  coefficient,  drag/qS 

Cl  lift  coefficient,  lift/qS 

e elevator  control  deflection 

G in  ground  effect 

h aircraft  wing  height  above  ground,  ft  (m) 
hg  equivalent  lobed  nozzle  height,  nozzle  area/nozzle  span 
L augmented  jet  flap  chord  length,  ft  (m) 
m meter 


NPR  nozzle  pressure  ratio 

o out  of  ground  effect 

PNdB  perceived  noise  level  (PNL)  in  decibels 

q dynamic  pressure,  lb/ft2 

wing  area,  ft2  (m2) 
thrust,  lb  (kg) 
flight  speed,  K/sec  (m/sec) 
aircraft  weight,  lb  (kg) 
angle  of  attack,  deg 
control  surface  deflection,  deg 
lateral  control,  rad/sec2 
augmentation  ratio,  total  thrust/nozzle  thrust 
aircraft  flight  path  angle,  deg 


1.  INTRODUCTION 

A number  of  propulsive  lift  concepts  for  providing  STOL  aerodynamics  have  been  investigated  in  wind  tunnels  at  the  NASA- 
Ames  Research  Center. 


Figure  1 shows  the  concepts  studied:  the  augmented  jet 
flap  (AJF),  the  externally  blown  flap  (EBF),  the  upper- 
surface  blown  flap  (USB),  and  an  internally  blown  flap  (IBF), 
Test  data  were  obtained  on  large-scale  models  of  similar 
geometry  in  the  Ames  40-  by  80-Foot  Wind  Tunnel.  The  IBF 
is  blown  at  the  main  flap  radius  of  curvature  and  also  at  the 
auxiliary  trailing  edge  flap  at  the  upper  and  lower  surface; 
blowing  at  the  upper  surface  increases  as  the  auxiliary  flap  is 
deflected  downward.  The  EBF  and  USB  flaps  also  have  auxil- 
iary trailing  edge  flaps  for  maximum  deflection. 

Table  1 compares  the  geometries  of  the  wind  tunnel 
models  in  terms  of  aspect  ratio,  sweep,  taper  ratio,  and  airfoil 
thickness.  For  purposes  of  comparing  their  aerodynamics,  the 
four  concepts  are  seen  to  be  roughly  equivalent,  with  small 
differences  in  geometry  tending  offset  one  another. 


EXTERNALLY  BLOWN  FLAP 


INTERNALLY  BLOWN  FLAP 


UPPER  SURFACE  BLOWN  FLAP  AUGMENTED  JET  FLAP 


Fig.  1 Propulsive  lift  concepts  tested 
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Table  1 Geometry  Comparison  of  Four  Large-Scale 
Propulsive  Lift  Models 


ASPECT 

RATIO 

SWEEP  Of 
QUARTERCMQRD, 
(3*0 

TAPER 

RATIO 

AiRFOIl 

th»CkNESS  RATIO 
ROOT  TIP 

EBF 

?.?8 

25.0 

0.4 

0.i4  O.l  i 

USB 

r.za 

zs.o 

0.  4 0.11 

IBF 

8.0 

?T  5 

0.3 

0.125/0.105 

AJF 

8.0 

Zf.b 

J 

0.125.  0.  >05 

Only  the  augmented  jet  flap  and  rotating  cylinder  flap 
concepts  have  been  flight  tested  in  research  aircraft;  of  the 
two,  the  augmented  jet  flap  aircraft  provided  the  majority  of 
the  flight  testing  results  discussed  here.  These  aircraft,  shown 
in  Figs.  2 and  3,  are  intended  primarily  as  aircraft  flight  facili- 
ties for  advanced  STOL  low-speed  research  in  general  and 
were  not  designed  specifically  for  development  tests  of  any 
particular  concept.  Specific  areas  of  flight  investigation  dur- 
ing STOL  low-speed  takeoff,  landing,  and  terminal  operations 
with  the  propulsive  lift  concepts  under  study  are  the  aero 
dynamics,  power  management,  ground  effects,  handling 
qualities,  control  and  stability  augmentation  requirements, 
engine-out  characteristics  and  requirements,  noise  footprints, 
certification  considerations,  and  guidance,  navigation,  anc! 
information  display  requirements  for  piloted  curvilinear 
approaches  to  landing. 


Fig.  2 Augmented  Jet  Flap  STOL  Research  Aircraft 


Fig.  3 Rotating  Cylinder  Flap  YOV  IOA  Research  Aircraft 


2.  PROPULSIVE  LIFT  CONCEPT  AERODwNAMIC  COMPARISONS 


A nominal  takeoff  flap  cinnguration  was  used  in  testing  the  four  propulsive  lift  concepts  for  lift  coefficient  (CL)  as  a function  of 
aircraft  angle  of  attack  (a)  and  the  thrust  minus  drag  coefficient  (Cq). 

The  points  on  the  curve  in  Fig.  4 indicate  the  typical  lift  coefficient  for  STOL  aircraft  at  climb  speed  with  a wing  landing  of 
400  kg/mJ  (80  pounds  per  square  foot).  The  thrust  required  to  provide  the  propulsive  lift  in  terms  of  thrust-to-weight  ratio  (T/W)  and 
the  climb  gradient  (y)  for  each  concept  indicates  its  relative  aerodynamic  efficiency  for  takeoff.  The  upper-surface-blown  flap  and  the 

augmented  jet  flap  have  about  a 6°  climb  gradient  with 
b | r.  teg  i required  thrust-to-weight  ratios  of  0.29  and  0.20,  respec- 

tively; the  IBF  and  EBF  have  climb  gradients  of  3.8°  to  4.5°, 
respectively,  with  corresponding  T/W  ratios  of  0.235  and 
rt'i  0.30.  In  general,  the  one-engine-out  climb  gradient  deter- 

mines the  engine  size  requirements  for  propulsive  lift  aircraft, 
which  for  comparable  swept-back  wing  aircraft  ai  d equiva- 
lent four-engine  climb  gradient  of  13°,  results  in  fe  EBF 
requiring  a T/W  = 0.58;  the  USB  a T/W  = 0.50;  the  IBF  a 
T/W  = 0.45;  and  the  AJF  a T/W  = 0.38. 
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3.  AUGMENTED  JET  FLAP  PERFORMANCE  AND  NOISE 


a,  deg 


Fig.  4 Comparison  of  propulsive  lift  concept  aerodynamics 


Slotted  nozzles  were  used  on  the  augmented  jet  flap 
STOL  research  aircraft  and  the  large-scale  wind  tunnel 
models  with  straight  and  swept-back  wings.  NASA  and  The 
Boeing  Airplane  Company  have  tested  slotted  nozzles  and  a number  of  variations  of  multi-element  lobed  nozzles  on  the  same  model.  A 
typical  lobed  nozzle,  augmented  jet  flap  configuration  is  shown  in  Fig.  5.  The  multi-element  lobed  nozzle  provides  greater  mixing  of  the 
primary  nozzle  air  and  secondary  air,  thus  improving  static  performance  and  reducing  noise  levels  due  to  entrainment  of  ambient  air 
between  nozzle  elements.  This  nozzle  also  shifts  the  blowing  jet  peak  noise  to  a higher  frequency  than  conventional  nozzles,  and  the 
augmented  flaps  and  acoustic  lining  absorb  and  contain  the  higher  frequency  noise  levels. 


The  data  in  Fig.  6 show  the  effect  of  nozzle  array  area  ratio  and  flap  length  on  the  static  augmentation  ratio,  the  ratio  of  total 
augmented  thrust  to  primary  nozzle  thrust.  The  augmentor  mixing  lengths  were  derived  by  varying  the  ratio  of  flap  m:xini_  length  to 
equivalent  nozzle  height  for  a slotted  nozzle  and  a multi-element  lobed  nozzle  (L/hg).  The  array  area  ratio  (AAR)  is  the  total  nozzle 
height  divided  by  the  equivalent  slotted  nozzle  height.  Results  for  the  multi-element  lobed  nozzle  indicate  that  the  greater  the  AAR,  the 
greater  the  augmentation  ratio  up  to  the  limits  of  the  particular  test  variables.  The  augmentation  ratio  for  the  Buffalo  STOL  research 
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Fig.  5 Typical  augmented  jet  flap  with  lobed  nozzles  and 
acoustic  treatment 


Fig.  6 Effect  of  nozzle  array  area  ratio  and  flap  length  on 
static  augmentation  ratio.  NPR  = 2.6 


aircraft  with  the  slotted  augmented  jet  flap  was  1.38  at  a L/hg  ratio  of  about  1 10  as  shown.  These  tests  were  performed  on  a 0.7  scale 
model  of  the  research  aircraft  augmented  jet  flap  with  a pressure  ratio  of  2.6;  the  same  model  was  used  for  design  verification  testing  of 
the  research  aircraft.  Figure  6 also  shows  the  effects  of  cold  air  versus  an  air  temperature  of  300°F  and  acoustic  lining  in  the  flaps  on 
the  augmentation  ratio  for  the  same  multi-element  nozzle  configuration.  The  reduction  of  augmentation  ratio  from  1 .44  to  1 .35  at  a 
L/hg  ratio  of  55  was  approximately  equally  divided  between  the  effect  of  temperature  of  300°  F and  the  effect  of  rougher  acoustically 
treated  surfaces.  At  an  AAR  of  8,  the  number  of  nozzle  lobes  per  unit  length  had  little  or  no  effect  on  the  augmentation  ratio.  The 
flagged  symbols  denote  172  lobes  per  unit  length  and  the  unflagged  symbols,  20  lobes  per  unit  length. 

The  data  in  Fig.  7 indicate  the  effect  of  forward  velocity  on  the  thrust  augmentation  lapse  rate  for  the  augmented  jet  flap  having  a 
nozzle  pressure  ratio  of  2.6.  These  results  were  obtained  with  a small-scale  two-dimensional  model  tested  in  a wind  tunnel.  The  data 
show  a significant  lapse  rate  of  net  thrust  with  speed  at  a 
climbout  speed  of  about  50  m/sec  (96  knots),  resulting  in  a 
thrust  augmentation  ratio  of  approximately  1.2.  A compari- 
son of  these  data  with  those  for  a turbo-fan  engine  having 
similar  fan  characteristics,  whose  net  thrust  is  approximately 
0.9  of  the  static  thrust  at  96  knots,  yields  an  effective  aug- 
mentation ratio  for  the  augmented  jet  flap  of  about  1.3.  At 
nozzle  pressure  ratios  lower  than  2.6,  the  lapse  rate  increases 
significantly,  resulting  in  very  low  values  of  effective  thrust 
augmentation  at  climb  speeds  greater  than  50  m/sec  (ref.  1). 

The  data  in  Fig.  8 show  the  effectiveness  of  acoustically 
treated  augmented  jet  flaps  having  multi-element  lobed 
nozzles  for  i eduction  of  relatively  high  pressure  ratio  jet 
noise.  The  figure  also  includes  the  augmented  jet  flap  noise 
level  for  the  research  aircraft  with  no  acoustic  treatment  as 
measured  at  the  tokeoff  nozzle  pressure  ratio  of  2.25.  For  a 
21,800  kg  (48,000-lb)  aircraft  at  a pressure  ratio  of  2.6  for 
takeoff,  the  total  noise  at  1 52.5  m (500-foot)  sideline  is 
23  PNdB  less  than  that  with  a normal  circular  nozzle.  The 
lobed  nozzle  with  AAR  = 8 reduced  the  noise  by  about 
12  PNdB,  the  unlined  ejector  flaps  reduced  the  noise  by  an 
additional  4 PNdB,  and  the  acoustic  treatment  with  tuned 
lining  reduced  the  noise  level  still  further,  by  7 PNdB.  Curves 
are  given  for  two  dif ierent  acoustic  linings;  the  lower  values 
of  noise  level  at  takeoff  nozzle  pressure  ratios  were  obtained 
with  a lining  more  closely  tuned  to  the  higher  frequency 
noise  at  these  pressure  ratios  and  nozzle  configuration. 

Further  reduction  in  noise  level  results  from  tuning  for 
the  landing  lower  nozzle  pressure  ratio  conditions.  The 
potential  noise  level  for  a 21,800  kg  (48,000-lb)  aircraft 
is  92  PNdB  during  takeoff  and  90  PNdB  at  152.5  m 
(500  foot)  sideline  distance  during  a —7-1/2  degree  landing 
approach. 

4.  FLIGHT  TEST  RESULTS 

Two  STOL  research  aircraft  have  been  in  flight  testing  at  Ames  Research  Center  for  the  past  2-1/2  years.  The  augmented  jet  flap 
STOL  research  C-8A  aircraft  (Fig.  2)  is  a modified  deHaviliand  Buffalo  aircraft  having  two  modified  Rolls  Royce  Spey  jet  engines 
instead  of  propellers,  a shortened  23.8  m (78-foot)  span  wing  (compared  to  the  original  28.1  m),  an  augmented  jet  flap,  and  a new 
lateral  control  system  composed  of  blown  ailerons,  spoilers,  and  outboard  augmentor  choke.  The  rotating  cylinder  flap  STOL  aircraft 
(Fig.  3)  is  a modified  North  American  YOV-IOA  aircraft  having  rotating  cylinder  two-segment  flaps,  reduced  diameter  Canadian  CL-84 
VTOL  aircraft  propellers,  cross-shafting  and  gear  boxes  from  the  Ll  .-84,  and  two  T-53  free  turbine  engines  operated  at  reduced  power. 
The  rotating  cylinder  is  0.305  m (12  inches)  in  diameter  and  driven  by  hydraulic  motors  at  a rotational  speed  of  7500  rpm  for  the  flight 
tests.  Both  aircraft  have  fixed  landing  gear  and  are  design-speed  limited  to  about  82.5  m/sec  (160  knots)  for  cost -saving  purposes  as  the 
objective  of  the  flight  program  is  the  low-speed  regime  of  takeoff  and  landing.  Table  2 compares  the  pertinent  characteristics  of  the  two 
research  aircraft  with  the  8reguet-941;all  three  have  been  flown  by  Robert  Innis,  the  Ames  project  pilot. 

The  objective  of  the  augmented  jet  flap  aircraft  was  to  achieve  a fan  jet  aircraft  with  the  STOL  takeoff  and  landing  performance  of 
the  Breguet-941  propeller-driven  aircraft,  while  retaining  good  control  and  one -engine-out  characteristics.  As  can  be  seen,  the  geometric 
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Fig.  7 Effect  of  velocity  on  augmentation  ratio  lapse  rate 
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Fig.  8 Effect  of  augmented  jet  flap  components  on  noise 
reduction  for  range  of  nozzle  pressure  ratio 
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Table  2 STOL  Aircraft  Characteristics 


CHARACTERISTICS 

BREGUET-941 

AIRCRAFT  WEIGHT,  lb 

38,500 

(kg) 

117.5001 

WING  AREA,  ft2 

809 

<m») 

<82.3) 

WING  ASPECT  RATIO 

6.52 

HORIZONTAL  TAIL 

l.l 

VOLUME 

VERTICAL  TAIL 

0.126 

VOLUME 

T/W,  (UNINSTALLED) 

0.40 

ENGINE 

— 

AUGMENTED  JET  ROTATING 

FLAP  CYLINDER  FLAP 
BUFFALO  c-ba  YOV-IOA 


ROLLS  ROVCE 
SPEY  001 -SF 


LYCOMING 

T-55-LH 


Table  3 Landing  Approach  Characteristics 


W/S 

ib/ft2 

(kg/m2) 

Ya 

knots 

'.(»./$) 

Y> 

deg 

Cl 

APPROACH 

BREGUET-941 

43 

1215) 

60 

(30.9) 

-7'/2 

3.5 

‘augmented  jet 
flap  aircraft. 
BUFFALO 

50 

(250) 

63 

132.4) 

-7'/2 

3.7 

ROTATING  cylinder 

47 

(235) 

57 

(29.3) 

-0 

4.3 

ABILITY  TO  FLARE 
AT  TOUCHDOWN 
AND  SiNh  KATE 

LATERAL- 
DIRECTIONAL 
CHARACTERISTICS 
AND  a 


characteristics  of  the  aircraft  are  quite  similar,  except  that 
the  augmented  jet  flap  aircraft  has  16  percent  higher  wing 
loading.  The  objective  of  the  rotating  cylinder  flap  aircraft 
program  was  to  assess  handling  qualities  problems  with  a 
propeller-powered  STOL  aircraft  at  higher  lift  coefficients, 
thus  at  lower  speeds  at  comparable  wing  loadings  than  with 
Breguet-941. 

Table  3 'hows  the  landing  approach  characteristics  and 
reasons  for  limiting  flight  speed.  The  augmented  jet  flap  air- 
craft was  flown  between  31  and  34  m/sec  (60  and  65  knots) 
in  approach  at  -7-1/2°  descent  angle  at  a lift  coefficient  of 
3.7,  equal  to  that  of  the  Breguet-941,  but  at  a slightly  higher 
wing  loading.  During  these  flights,  the  lateral-directional  sta- 
bility augmentation  system  reduced  the  pilot  workload  con- 
siderably, and  the  ability  to  flare  at  touchdown  and 
touchdown  sink  rate  were  considered  the  limiting  conditions 
for  further  reduction  in  approach  speed.  The  existing 
unmodified  C-8A  Buffalo  longitudinal  control  system  was 
considered  inadequate  during  the  initial  tests  at  low  forward 
speeds;  as  a result,  a fully  powered  elevator  with  greater  con- 
trol authority  and  improved  control  response  has  recently 
been  installed  in  the  aircraft.  The  powered  elevator  improved 
the  ability  to  flare  at  touchdown.  The  rotating  cylinder  flap 
aircraft  was  flown  at  speeds  of  29  to  31  m/sec  (55  to 
60  knots)  up  to  -6°  approaches,  which  corresponded  to  a lift 
coefficient  of  about  4.3  compared  to  3.5  for  the 
Breguet-941.  In  the  pilot's  opinion,  any  further  reductions  in 
approach  speed  for  the  YOV-IOA  RCF  aircraft  were  limited 
by  the  lateral-directional  stability  and  control  characteristics, 
as  well  as  the  aircraft  angle  of  attack. 


Figure  9 is  a schematic  of  the  lateral  control  system 
which  is  comprised  of  three  elements  to  provide  the  rolling 
moments.  These  are  the  drooped  blown  aileron,  upper  surface  spoiler  forward  of  the  aileron,  and  augmentor  choke  in  the  outboard 
spanwise  section  of  the  augmented  jet  flap.  The  gearing  and  magnitude  of  deflection  of  the  three  control  surfaces  can  be  varied  to 
provide  the  desired  level  of  control  power  and  sensitivity.  The  data  in  Fig.  10  show  lateral  control  performance  (in  radians  per  second 
squared)  of  the  augmented  jet  flap  aircraft  as  a function  of  pilot  control  wheel  angle.  Initial  control  is  obtained  by  blown  aileron 
deflection  about  a nominal  flap  angle  of  30°  and  spoiler  deflection  on  the  downgoing  wing.  At  17°  of  wheel  angle,  the 
augmentor  choke  in  the  flaps  outboard  of  the  engine  nacelles  is  activated  to  provide  a maximum  control  power  of  about  0.7 
radians/sec2 . The  effectiveness  of  the  control  surfaces  is  about  equal.  The  design  objectives  of  0.5  radians/sec3  and  a sensitivity  of  0.1 
radians/secVinch  were  exceeded.  These  control  characteristics  can  be  modified  on  the  aircraft  for  research  purposes.  The  maximum 
utilization  of  control  used  by  the  pilots  to  date  during  landing  approach  and  low-speed  flight  has  been  a control  wheel  angle  deflection 
of  about  25°. 
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Fig.  9 AJF  research  aircraft  lateral  control  system 


Fig.  10  Lateral  control  effectiveness  at  landing  approach 
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Fig.  11  Low  speed  descent  capability.  Gross  weight  = 40,000  lb. 
Flap  deflection  = 65°. 


The  data  in  Fig.  1 1 show  flight  path  descent  angle  capa- 
bility of  the  augmented  jet  flap  aircraft  for  a range  of  landing 
approach  forward  speeds  at  65°  flap  deflection  and  fixed 
throttle  setting  of  94  percent  engine  rpm,  which  corresponds 
to  about  60  percent  of  maximum  thrust.  To  give  greater 
research  flexibility,  Pegasus  nozzles  were  installed  on  the 
Rolls  Royce  Spey  engines  to  deflect  all  the  hot  thrust,  which 
at  landing  approach  is  approximately  60  percent  of  the  total 
thrust.  All  the  fan  air,  approximately  40  percent  of  the 
thrust,  is  directed  into  the  wing  to  the  augmented  jet  flaps 
and  the  blown  ailerons.  The  single  point  on  the  figure  indi- 
cates the  nominal  approach  speed  of  60  knots  and  flap  angle 
of  65°,  a Pegasus  nozzle  deflection  of  85°,  and  an  angle  of 
attack  of  3°,  which  results  in  a -7-1/2°  approach  flight  path 
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angle.  The  margins  to  stall  are  greater  than  5 m/sec  in  veloc- 
ity and  nearly  20°  in  angle  of  attack  as  the  maximum  angle 
of  attack  varies  from  20°  to  24°.  depending  on  the  power 
condition.  The  pilot  also  has  two  variables  to  control  flight 
path  angle,  (1 ) the  throttle  for  small  changes  once  flight  path 
angle  is  established,  and  (2)  the  Pegasus  nozzle  angle  for 
larger  changes,  which  gives  at  least  a 4°  greater  descent  angle 
at  this  approach  condition,  if  desired. 
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Fig.  12  Effect  of  ground  on  AJF  research  aircraft  aerodynamics 


The  data  in  Fig.  12  show  the  effect  of  ground  on  the  6 ~o 

augmented  jet  flap  aircraft  as  measured  in  level  flight  flyovers 

during  the  flight  test  program.  In  landings,  particularly  at  the  ° ? 4 t e 10 

lower  flight  path  descent  rates  of  less  than  1 m/sec  (3  feet  per  IWING  MEIGHTI/IWING  MAC)-  h/c 

second),  there  is  an  increase  in  lift  and  a reduction  in  drag 

resulting  in  a definite  floating  tendency.  At  -7-1/2°  descent  F,9'  12  Ef,ect  of  9round  on  AJF  research  a,rcraft  aerodynam.es 

angle  at  higher  sink  rates,  however,  the  floating  tendency  was 

not  as  apparent,  and  if  floating  did  occur,  power  could  be  cut  during  the  flare  to  obtain  a positive  touchdown.  The  typical  nose-down 
pitching  moment  was  also  encountered,  requiring  significant  elevator  control  of  about  8°  for  trimmed  flight.  Although  the  maximum 
lift  coefficient  during  these  close- to-ground  flights  was  about  3.7,  the  aerodynamic  lift  coefficient  was  about  3.0  due  to  the  vectored 
thrust  component  in  lift  from  the  Pegasus  nozzles.  The  faired  curves  shown  in  Fig.  12  are  based  on  a least-squares  fit  to  the  data  from 
four  test  runs  using  a regression  parameter  identification  technique.  With  the  augmented  jet  flap  at  the  maximum  lift  coefficient  of  3.7, 
there  was  no  evidence  of  a suckdown  effect  due  to  ground  proximity. 

so  | V a flap  deflection 

Thu  Hata  in  Pin  M chnuu  thp  pffnrt  nf  cnanuuica  uaria-  \ N BOARD  CRJTBOARD 


The  data  in  Fig.  13  show  the  effect  of  spanwise  varia- 
tion of  rotating  cylinder  flap  deflection  on  the  longitudinal 
trim  and  stability  of  the  aircraft.  The  aircraft  has  a strong 
pitch-up  characteristic  at  speeds  below  about  31  m/sec 
(60  knots)  with  flap  deflection  held  at  constant  angles  of 
50/0  degrees,  on  each  side  of  the  tail  booms,  inboard  and 
outboard  as  shown.  With  reduced  total  flap  deflection,  30/0 
inboard  of  the  tail  boom,  less  elevator  control  in  the  nose- 
down  direction  was  required  and  the  static  longitudinal 
stability  was  improved,  whereas  with  reduced  total  flap 
deflection  inboard  rather  than  outboard  of  boom,  the  static 
longitudinal  stability  was  lower  at  all  speeds  below  34  m/sec 
(65  knots). 

5.  CONCLUDING  REMARKS 
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Fig.  13  Effect  of  spanwise  RCF  flap  deflection  on 
'ongitudinal  characteristics 


The  oral  version  of  the  paper  concludes  with  a short  film  of  the  augmented  jet  flap  STOL  research  aircraft  "Buffalo"  during  short 
takeoffs  and  landings  with  -7-1/2°  approaches;  a flight  in-ground  effect  at  31  to  36  m/sec  (60  to  70  knots)  also  is  shown.  The  film 
includes  -8°  landing  approaches  performed  by  the  rotating  cylinder  flap  research  aircraft  (YOV-IOA  RCF),  and  indicates  the  difference 
in  flare  compared  to  the  Buffalo.  The  Buffalo  is  flared  consistently  whereas  the  YOV-IOA  RCF  is  flared  very  little  and  has  solid  contact 
with  the  ground.  Some  of  this  difference  in  operation  of  the  two  aircraft  during  flare  mav  be  due  to  the  diff  jrence  in  landing  gear 
characteristics.  The  Buffalo  has  a stiff  conventional  type  landing  gear,  while  the  YOV-IOA  has  a softer  rough  te  rain  type  landing  gear 
similar  to  that  used  on  the  Breguet-941 . 

The  Augmented  Jet  Flap  STOL  Research  Aircraft  "Buffalo"  has  been  flown  by  10  pilots  (2  NASA,  a Boeing  Airplane  Co.,  a 
de  Havilland  Aircraft  Ltd.,  a Canadian  MOT,  a Canadian  Air  Force,  a Canadian  NAE,  a U.S.  Air  Force,  an  FAA,  and  one  pilot  from  the 
RAE  of  England).  These  pilots  have  evaluated  the  low-speed  flight  characteristics  during  STOL  operations  for  normal  two-engine 
conditions  and  with  one  engine  out.  The  advanced  flight  research  and  experimental  tests  with  STOLAND  installed  in  the  aircraft  are 
scheduled  to  start  during  the  fall  of  this  year. 
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RESUME 


Le  developpement  des  avions  R/STOL  necessite  an  developpement  simultane  de  1 'hypersustentation 
des  ailes.  Les  limitations  et  les  problemes  poses  par  les  hypersustentalions  motorisees  ont  incite  AMD-BA 
a tenter  la  conception  d'une  hypersustentation  mecanique  ayant  un  coefficient  de  portance  superieur  a 4. 

Cet  objectif  n'a  pu  etre  atteint  qu'en  faisant  appel  a des  methodes  de  calcul  aerodynamique 
elaborees,  dont  on  expose  la  methodologie  et  les  object.ifs.  Des  comparaisons  entre  le  calcul  et  l'expe- 
rience  permet.ent  d'apprecier  la  validite  de  ces  methodes  dans  des  cas  aussi  complexes  que  les  ecoulements 
tridimensionnels  decolles. 

Une  voilure  a forte  hypersustentation  mecanique  a ete  definie  en  associant  ces  methodes  de 
calcul  et  1 'experience  acquise  par  AMD-BA  dans  la  mise  au  point  de  systemes  mecaniques  avances.  Les  resul- 
tats  acquis  en  soufflerie  sur  une  maquette  complete  ont  confirm!  que  ce  type  d' hypersustentation,  est  un 
candidat  serieux  pour  l'equipement  des  avions  R/STOL. 


SUMMARY 


Development  of  R/STOL  aircraft  implies  simultaneous  development  of  wing  lift  augmentation. 
Limitations  and  problems  associated  with  powered  lift  have  convinced  AMD-BA  of  the  interest  of  designing 
mechanical  high  lift  devices  capable  of  lift  coefficient  greater  than  4. 

To  obtain  such  a high  figure,  full  use  of  advanced  computerized  aerodynamics  has  been  necessary. 
Methodology  and  objectives  are  described.  Comparisons  between  estimated  and  test  results  are  given 
permitting  to  appreciate  the  validity  of  the  procedure  in  complex  cases  with  tridimensional  and  separated 
f low. 


A wing  with  powerful  mechanical  high  lift  devices  has  been  designed  with  a combined  use  of 
theoretical  aerodynamic  methods  and  practical  experience  gained  by  AMD-BA  in  the  development  of  advanced 
mechanical  systems.  Wind  tunnel  tests,  on  a complete  model,  have  confirmed  that  this  type  of  high  lift 
schemes  is  a serious  candidate  for  R/STOL  aircraft  applications. 


AVANT  PROPOS 

La  conference  qui  va  suivre  resume  certains  resultats  obtenus  en  hypersustentation  par  la 
Societe  DASSAULT-BREGUET  (AMD-BA)  dans  le  cadre  d'etudes  pre 1 imi nai res  concernant  les  avions  a decollage 
et  atterrissage  courts.  Ces  etudes,  effectuees  en  1971,  1972  et  1973,  ont  ete  partiel lement  financees  par 
un  contrat  du  Ministere  des  Transports  Fran^ais. 

Nous  remercions  la  Societe  DASSAULT-BREGUET  d'avoir  bien  voulu  nous  permettre  de  publier  les 
resultats  essentiels  de  ces  etudes. 

I.  INTRODUCTION 

I . I . Les  besoins  : 

La  necessite  de  devetopper  l ' hypersus t ent at  ion  des  ailes  apparalt  lorsqu'on  veut  faire  atterrir 
sur  des  pistes  courtes  des  avions  de  transport  civils  capables  d'une  grande  vitesse  de  croisiere. 

On  peut  voir  en  effet,  sur  la  figure  1,  que  pour  utiliser  des  pistes  de  l'ordre  de  600  a 1200  m 
il  faut  pratiquer  des  vitesses  d'approche  (Vggp)  de  l'ordre  de  80  a 110  noeuds.  Cela  entratne,  pour  des 
avions  ayant  une  charge  alaire  comprise  entre  400  et  600  kg/m2,  des  coefficients  de  portance  en  approche 
(CzREF)  l'ordre  de  2 a b.  Les  avions  classiques  actuels  utilisant  des  Czref  d'environ  I ,b  il  est 
necessaire  de  faire  un  effort  important  sur  1 ' hypersustentation. 

1.2.  Les  hypersustentat ions  motorisees  : 

Devant  I'ampleur  de  1 'effort  a entreprendre  la  plupart  des  constructeurs  d'avions  ou  organismcs 
de  recherche  se  sont  tournes  vers  le  developpement  des  hypersustentations  motorisees,  la  puissance  des 
moteurs  venant  suppleer  1 ' insuf f isance  de  1 'hypersustentat ion  mecanique  classique. 
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Les  possibilities  des  hypersustentat ions  motorisees  sont  bien  connues  (ref.  t a 26)  et  les  tres 
forts  coefficients  de  portance  maximaux  obtenus,  6 3 10,  ont  souvent  impressionne  les  non-special istes. 
Malheureusement,  lorsqu'on  tient  compte  des  realites  operat ionnel les , les  pannes  possibles,  par  exemple, 
on  est  bien  oblige  de  constater  que  le  coefficient  de  portance  utilisable  en  approche,  CggEp,  est  d'envi- 
ron  3,5  & 4.  C'est  cependant  un  progres  considerable  par  rapport  au  CzreF  " I ,6  d'aujourd'hui , et  on  peut 
constater,  sur  la  figure  I,  que  cela  est  suffisant  pour  atterrir  en  2 000  pieds. 

Mais  les  hypersustentations  motorisees  souffrent  de  graves  limitations  qui  peuvent  condamner 
leur  avenir.  En  effet,  on  peut  dire,  sans  entrer  dans  les  details,  que  pour  toutes  les  formules,  il  est 
difficile  de  justifier  le  comportement  apres  panne  d'un  moteur,  ou  apres  eclatement  d'une  tuyauterie  pour 
les  solutions  a soufflage  i.iterne  (ref.  13  a 26).  L'experimentation  en  vol  des  prototypes  AMST  BOEING  et 
MAC  DONNELL-DOUGLAS  apportera  sur  ce  point  des  precisions  importantes.  D'autre  part,  d'apres  les  connais- 
sances  actuelles  (ref.  27  a 43),  route  augmentation  importante  de  portance  due  a la  motorisation  augmente 
ineluctablement  plus  ou  moins  le  bruit  genere  par  les  moteurs  eux-memes. 

1.3.  L'hypersustentation  mecanique  : 

Le  niveau  de  bruit  paraissant  etre  un  element  critique  du  svsteme  de  transport  civil  R/STOL, 
notre  Societe  a prefere  poursuivre  le  developpement  de  1 'hypersustentat ion  mecanique,  car  ses  caracteris- 
tiques  de  bruit  se  presentent  de  fiqon  plus  favorable. 

Nous  avons  ete  encourages  dans  ce  choix  par  l'examen  du  developpement  historique  de  l'hvpersus- 
tentation  mecanique.  On  peut  voir,  sur  la  figure  2,  qu'il  n'est  pas  utopique  d'envisager  des  coefficients 
de  portance  maximaux  superieurs  a 4 dans  les  annees  1980  A 1990.  Or,  en  tenant  compte  de  la  composante  de 
la  poussee,  normale  a la  vitesse,  qui  est  importante  dans  le  cas  d'un  avion  tres  motorise,  cela  veut  dire 
qu'on  peut  esperer  pratiquer  en  approche  un  CZrep  de  l'ordre  de  3.  D'apres  la  figure  I,  cela  entrainerait 
une  charge  alaire  d'environ  600  kg/m2  pour  un  RT0L  atterrissant  en  4000  pieds,  et  d'environ  300  kg/m2  pour 
un  STOL  atterrissant  en  2000  pieds. 

Pour  reussir  la  conception  d'une  hypersustentation  mecanique  ayant  un  coefficient  de  portance 
maximal  superieur  A 4,  nous  avons  choisi  a politique  de  developpement  suivante  : 

- Utilisation  de  methodes  de  calculs  aerodynamiques  sophistiquees  capables  de  simuler  des 
ecoulements  tridimensionnels  avec  decollement 

- Utilisation  de  I'experience  acquise  par  AMD-BA  dans  la  mise  au  point  de  systemes  mecaniques 
avances  (avion  a fleche  variable  en  particulier) . 

- Iterations  frequentes  entre  les  aerodynamiciens  et  les  mecaniciens  pour  que  le  produit  final 
ressemble  plus  A une  voilure  d'avion  qu'A  un  gadget  de  laboratoire. 

2.  METHODO LOGIE  DE  RECONSTITUTION  PAR  LE  CALCUL 

2.1.  Les  limites  des  methodes  de  correlation. 

Nous  allons  montrer  que  les  mSthodes  basees  sur  la  correlation  de  resultats  globaux  sont  inadA- 
quates  si  on  veut  tenir  compte  de  l'ensemble  deg  elements  d'un  systdme  d' hypersustentation. 

En  effet,  ces  elements  ne  sont  pas  lies  seulement  A la  forme  en  plan,  A la  flAche,  A l'allonge- 
ment  et  au  braquage  des  bees  et  des  volets,  sinon  on  aurait  reussi  depuis  longtemps  A correler  l'ensemble 
des  resultats  de  soufflerie  disponibles  en  gradient  de  portance  ou  de  stabilite,  en  fonction  de  parametres 
en  nombre  limite.  II  n'est  bien  entendu  pas  question  de  tenir  compte  des  formes  exactes  sans  entrer  dans 
une  augmentation  exageree  du  nombre  des  parametres.  On  pourrait  aussi  tenir  compte  des  resultats  d'essais 
en  vol  qui  sont  malheureusement  en  nombre  beaucoup  plus  restreint,  ce  qui  limiterait  encore  le  nombre  des 
paramdtres  signif icatif s controles  par  des  essais. 

En  fait,  cette  methode  de  correlation  reviendrait  A ameliorer  A l'aide  de  l'ensemble  de  tous  les 
resultats  didponibles  les  schemas  simplifies  (fig.  3)  qui  avaiant  Ate  utilises  par  LOWRY  (rAf.  44)  dans  un 
rapport  dejA  ancien  pour  donner  une  methode  devaluation  rapide  de  volets.  Si  on  utilise  ce  rapport  sur  un 
grand  nombre  de  cas,  tous  les  bureaux  d'etudes  savent  que  I'on  obtient  souvent  un  ordre  de  grandeur  appro- 

ximativement  correct  du  Czo  voire  du  Cza  A portance  nulle  mais  qu'on  est  incapable  de  faire  une  quantifi- 

cation A grand  Cz  de  differenteshypersustentations. 

En  faisant  une  correlation  du  type  qui  vient  d'etre  decrit,  on  ne  peut  faire  apparattre  en  prin- 

cipe  que  I'aspect  de  degradation  par  rapport  A une  valeur  "theorique"  de  reference. 

Les  valeurs  "theoriques"  de  reference  utilisees  consistent  essentiel lement  en  resultsts  de 
calculs  prealables  en  fluides  parfaits  qui  donneraient  pour  une  configuration  partielle  ou  complete, 
une  valeur  du  gradient  de  portance  (Cza)  ou  de  la  stabilite  et,  vu  1 ' imprecision  des  correlations  possibles 
on  arrive  malheureusement  rapidement  A la  conclusion  suivante  : il  est  illusoire  d'augmenter  la  precision 
de  calcul  des  Cza  ou  des  pentes  de  portance,  et  il  est  souhaitable  au  contraire  de  garder  un  schema 
suffisamment  simple,  par  exemple  celui  decrit  dans  la  raAthode  de  LOWRY  ou  bien  d'autres  methodes  simplifiees 
basees  uniquement  sur  l'effet  de  la  surface,  de  la  forme  en  plan,  de  1 'al longement  et  de  la  fleche  A 25  Z 
par  exemple,  pour  obtenir  une  valeur  approchee  du  Cza  qui  ne  nuit  pas  A la  precision  ulterieure  des  resul- 
tats. On  ne  sait  plus  alors  d'oO  viennent  les  erreurs  ou  les  efficacites. 

Cependant  on  saura  ainsi  rapidement  si  le  resultat  A atteindre  est  ambitieux  ou  conservatif  par 
rapport  A l'ensemble  des  resultats  disponibles ,se  rappelant  que  plus  un  projet  est  ambitieux,  plus  la 
(orrelation  est  douteuse. 

Nous  ne  rejetons  cependant  pas  la  methode  des  correlations  mais  la  renvoyons  A un  stade  tres 
preliminaire  ou  global  de  la  conception  de  l'hypersustentation.  Elle  correle  suffisamment  de  verites  de 
bon  sens  pour  garder  une  utilite  au  niveau  d'un  jugement  global. 
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2.2.  La  necessite  d'eviter  une  simplification  excessive  des  equations 

2.2.1.  Problemes  de  geometrie  : 

Entre  une  methode  de  correlation  simplifiee  qui  vient  d'etre  decrite  (qui  necessite  auparavant 
un  travail  de  depouillement  d'essais  tres  important)  et  la  methode  qu'il  est  souhaitable  de  realiser  pour 
savoir  determiner  d'une  faqon  scientifique  sinon  optimale  le  dessin  complet  d'un  avion  hypersustente , il 
est  interessant  de  savoir  qu'il  y a un  pas  technique  tres  important.  Le  saut  a faire, pour  passer  de  cette 
representation  sommaire  de  correlation  traditionnel le  aux  presentations  valables  permettant  de  concevoir 
completement  une  hypersustentation,  doi  t prendre  en  compte  une  representation  geometrique  tres  complete  des 
corps  : non  seulement  le  positionnement  apres  braquage  par  une  cinematique  complexe,  mais  la  totalite  des 
formes,  la  totalite  des  effets  d'envergure,  sauf  les  modifications  tres  locales  qui  seront  reservees  aux 
essais  en  soufflerie. 

2.2.2.  Problemes  de  fluide  parfait  : 

II  faut  absolument  que  la  methode  de  calcui  utilisee  permette  de  faire  une  comparaison  rigoureise 
et  sans  aucutie  correction,  avec  des  essais  de  soufflerie.  Certain^s  parties  du  pr^gramne  it  calcui  utili- 
sant  des  theories  qui  ont  une  importance  plus  faible  que  d'autres,  il  n'est  pas  souhaitable  de  faire 
systemat iquement  le  calcui  avec  une  methode  extremement  compliquee  faisant  intervenir  l'aspect  complet  des 
phenomenes,  car  le  prix  de  l'etude  risquerait  d'etre  trop  eleve.  Cependant,  on  ne  pourra  justifier  les 

L ..iiki  L,  qu'aV.  o 1'  g,(  ugtclu&MC  to  eOuip  lot  J Cdlcals  pool  .atu.I  loo  liiititL'S  de  CeitZUiivCS  Slffiplili” 

cations.  Par  exemple,  il  est  necessaire  de  faire  un  calcui  tridimensionnel  complet  d'une  voilure  hyper- 
sustentee.  Or,  ce  calcui  est  naturel  lement  tres  couteux  si  on  prend  en  compte  d'un  seul  coup  la  totalite 
d'une  voilure,  et  une  methode  approchee  assez  efficace  consiste  a calculer  le  champ  induic  local  dans  une 
section  sous  l'effel  des  \itesses  indnites  uoo  seulecie.it  velticales  mais  11  ausvei sales  et  loogitudiiialeS 
et  a introduire  ce  champ  induit  dans  un  calcui  simplifie.  Ce  resultat  est  rarement  suffisant  dans  la 
majorite  des  cas  d'hypersustentation.  Il  doit  etre  abandonne  completement  quand  on  traite  le  voisinage 
d'un  fuselage  ou  d'un  fuseau  reacteur.  Mais  il  permet  de  faire  une  economic  notable. 

2.2.3.  Probleme  de  fluide  visqueux. 

Il  est  encore  plus  dangereux  de  simplifier  les  equations  relatives  aux  fluides 
visqueux.  En  effet,  une  hypothese  sur  les  eq  ations  de  fluides  parfaits,  peut  etre  facilement  verifiable 
car  l'on  dispose  de  programmes  de  calcui  capables  de  prendre  en  compte  des  configurations  complexes.  Ce 
n'est  pas  le  cas  avec  des  fluides  visqueux  car  une  solution  numerique  ex;  _te  n'est  pratiquement  jamais 
disponible,  etant  donne  qu'on  est  tres  loin  d'apprehender  de  faqon  correcte  la  structure  meme  des  ecoule- 
ments  turbulents.  Ce  n'est  pas  une  question  de  discretisation  mais  d ' impossibi lite  de  calcui.  On  rappelle 
qu'il  est  actuellement  possible  de  faire  des  calculs  en  resolvant  les  equations  de  NAVIER  STOKES  sur  des 
configurations  simples  a des  Reynolds  relativement  limites,  mais  c'est  a la  limite  de  ce  qui  est  accepta- 
ble comme  temps  de  calcui  sur  les  ordinateurs  actuels.  Un  progres  peut  etre  espere  dans  l'avenir  ; 
malheureusement  le  but  est  trop  lointain.  Il  est  certain  que  les  validations  ne  pourront  pas  etre  faites 
par  comparaison  theorie-theorie , mais  par  comparaison  theorie-experience.  Ceci  veut  dire  que  l'on  doit 
necessairement  faire  une  programmation  qui  soit  capable  de  reconstituer  les  schematisations  fondamentales 
ou  les  experiences  fondamentales  disponibles,  sinon  il  sera  impossible  de  faire  un  controle,  avec  le 
meme  programme  de  calcui,  des  simplifications  obligatoires  introduites. 
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Rappelons  que,  si  l'on  admet  de  faire  une  simplification  excessive  au  niveau  du 
calcui,  on  restreint  automatiquement  la  gamme  possible  de  parametres  de  conception.  Par  exemple,  si 
l'on  renonce  h faire  une  certai  e Evaluation  correcte  de  la  transition  de  la  couche  limite,  on  renonce 
automatiquement  A la  possibilitE  de  faire  un  contrOle  prEcis  de  rEsultats  de  soufflerie  ou  la  transition 
apparatt  toujours  comme  un  paramEtre  trEs  important,  d'ou  une  difficultE  de  corrEler  la  soufflerie 
et  le  vol  par  le  calcui. 


Autre  exemple  : on  sait  que  les  problemes  de  melange  jouent  un  role  fondamental 
dans  les  systemes  hypersustentateurs.  Or,  ce  probleme  de  melange  fait  intervenir  une  schematisation  qui 
rappelle  le  probleme  uu  jet  parietal  et  le  probleme  du  melange  si  1 lage/couche  limite.  Ces  deux  problemes 
Tie  ftoft*  fM  j«lUitId,.«  deft  TSodeiftS  sifflflw  Je  * ^JWgftoeft  *9  melange,  -Sfteftgir* 

moyenne,  etc...  En  effet  la  contrainte  de  cisaillement  turbulente  maximum  n'est  pas  reliee  de  faqon 
directe  avec  le  gradient  de  vitesse  locale.  Les  effets  de  restructuration  de  la  turbulence  moyenne  y 
joueit  un  role  fondamental,  l'effet  des  turbulences  exterieures  et  des  transitions  y est  egalement 
fundamental  ; etifin  on  peut  tappeltr  4ut  d^s  ..mdeles  aspeliutCs  inns  une  hyputhtSc  "couelit  li.uite"  sent 
insuffisants  dans  la  mesure  oii  les  dimensions  des  zones  de  melange  sont  d'ordre  de  grandeur  comparable 
aux  rayons  de  courbure  locaux  des  profils.  La  possibilite  ou  1 ' impossibi 1 i te  d'optimiser  des  fentes  de 
soufflage  minces  sur  des  profils  courbes  a grande  incidence  resultera  de  la  validite  des  methodes  retenues. 

2.3.  Conclusion  : quelle  est  la  schematisation  souhaitable  ? 

En  resume,  le  calcui  de  1 ' hypersus tentat ion  doit  constituer  en  une  reconstitution 
tridimensionnel  le  des  ecoulements  avec  zones  turbulentes  collees  et  avec  decollement,  y compris  lc-ur 
aspect  instationnaire.  Ce  but  peut  parattre  hors  de  portEe.  En  fait,  si  l'on  admet  de  limiter  un  certain 
nomb-e  de  calculs  a l'etat  ou  sont  parvenues  les  techniques  de  calcui  actuelles,  c'est  deja  une  "somme" 
de  toutes  les  meilleures  methodes  de  calcui  elementaires  disponibles  actuellement,  integr^es  dans  un 
ensemble  complet. 


On  doit  insister  sur  le  fait  que  cette  reconstitution  doit  etre  faite  a l'aide 
■'el«srni»  bulk*  *4  lain  rjritfUi  El«t  uii'i  qu'm  ixriih  3 uiir  il-imusii  v (.•»  xjrnn  1 . 1 It 

qu'il  est  hors  de  question  d'obtenir  par  une  verification  globale,  le  controle  du  programme.  On  tombe 
dans  le  cadre  des  travaux  sur  les  gros  systemes  informatiques  avec  la  necessite  de  f onct ionnement  systema- 
tiquu  prolonge  pour  determiner  I'ensemble  des  erreurs  de  programmation,  d'un  entretien  suivi  du  programme 
par  une  equipe  d'ingenieurs  de  faqon  a continuellement  mettre  a jour  le  programme.  Enfin,  une  equipe  de 
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scientif iqucs  doit  etre  capable  de  tester  les  sous-programmes  en  vue  de  les  critiquer  et  de  les  ameliorer 
sur  toute  nouvelle  experience  disponible- 

3.  MOYENS  DE  CALCULS  DISPONIBLES 

3.1.  Calculs  en  fluide  parfait 

Ces  calculs  tridimensionnels  peuvent  etre  consideres  come  de  la  routine  tant  que  1 'ecoulement , 
bien  que  localement  supersonique,  n'a  pas  de  chocs.  Nous  utilisons  soit  la  methode  integrate,  soit  la 
methode  des  elements  finis. 

3.1.1.  Methode  integrate  : 

Dans  la  methode  integrate,  nous  schematisons  la  surface  du  corps  par  un  ensemble  de  quadrila- 
teres  portant  des  repartitions  uniformes  surfaciques  de  sources  et  de  tourbillons,  l'espace  etant 
egalement  dans  les  zones  compressibles  3 fort  gradient  ou  rotationnel  rempli  d'hexaedres  de  densite 
uniforme  votumique  de  sources  et  de  tourbillons  pour  resoudre  1 'equation  de  POISSON  : 
i dv  | d 

A*-’M  Ts'cJs  V'87la~t 
P 

Cette  equation  est  rigoureuse  pour  les  fluides  non  visqueux  compressibles  et  nous  la  resolvons 
par  iteration  de  resolution  des  systemes  lineaires  correspondant  aux  conditions  lineaires  de  contact 
(gr^d  $ . "n  ■ 0 sur  le  corps)  et  non  lindaires  de  JOUKOWSKI  traitye  par  la  rndthode  de  NEWTON  3 chaque  pas. 
Cette  methode  est  le  developpement  ultime  de  la  methode  de  singularity  initieo  par  FUhRMANN  (ref.  45)  et 
que  A.M.O.  SMITH  a le  premier  generalisee  au  calcul  non  portant  tridimensionnel  (ref.  46).  Nous  utilisons 
depuis  de  nombreuses  annees  sa  generalisation  au  cas  portant  (ref.  47)  en  tenant  compte  des  effets  non 
linea  res  attaches  aux  conditions  de  JOUKOWSKI,  3 l'enroulement  de  la  nappe  des  tourbillons  avals  (ref. 48) 
et  3 la  compressibility  dont  une  presentation  claire  est  donnee  ref.  49. 

Pour  resoudre  des  problemes  tres  precis  d'hypersustentation,  la  dimension  des  matrices  a 
laquelle  nous  limitent  nos  ordinate"rs  actuels  (de  l'ordre  de  1500)  ne  nous  permet  pas  une  precision 
suffisante  localement.  Ceci  nous  a conduit  3 resoudre  approximativement  des  tailles  de  matrices  nettement 
plus  grandes  (de  l'ordre  de  dix  fois  la  precedence)  en  approchant  le  champ  de  vitesse  cree  en  un  point  par 
le  champ  lointain  approche  cree  par  la  discretisation  legere,  et  en  ne  resolvant  que  le  systeme  local  des 
facettes  serrees  voisines  de  taille  plus  restreinte  (fig. 4).  On  dispose  ainsi  toujours  d'au  moins  250 
facettes  par  section  caractdrlstlque  de  profils  hypersus terttes , ce  qui  donne  une  precision  suffisante  pour 
le  calcul  ulterieur  des  couches  limites  et  zones  visqueuses.  De  meme,  on  ne  reitere  qu'au  stade  des 
discretisations  legeres  les  interactions  avec  1 ' empennage  pour  1 'evaluation  des  moments  globaux. 

3.1.2.  Methode  des  elements  finis  : 

Quand  des  problemes  de  mauvais  condi tonnement  de  la  matrice  lies  a des  conditions  aux  limites 
trop  contraignantes  (elargissant  la  largeur  des  termes  forts  d' influences  reciproques)  se  posent,  nous 
utilisons  ure  methode  beaucoup  plus  tolerante  qui  est  la  methode  des  elements  finis  (ref.  t0).  Nous  avons 
developpe  tref.  51)  cette  methode  en  tridimensionnel  compressible  avec  beaucoup  de  succes.  Elle  presente 
par  rapport  3 la  methode  integrate  1 ' inconvenient  de  necessiter  le  maillage  (fig.  5)  de  tout  l'espace 
autour  du  corps  (du  moins  jusqu'3  une  c.ertaine  distance  de  l'ordre  de  1 ' envergure) , mais  presente  toujours 
des  matrices  bien  conditionnees,  en  bandes  etroites. 

Les  conditions  aux  limites  finies  sont  plus  facilement  prises  en  compte  que  les  infinies.  Ceci 
est  un  avantage  pour  la  reconstitution  d'essais  en  soufflerie. 

3.2.  Calculs  de  couplage  fluide  visqueux-f luide  parfait. 

Connaissant  les  couches  limites  et  zones  visqueuses,  il  est  necessaire  de  reprendre  les  calculs 
de  fluide  parfait  de  faqon  3 prendre  en  compte  les  couplages.  Deux  voies  sont  possibles  : soit  la  methode 
des  couplages  faibles,  soit  la  methode  d' interaction  complete. 

Dans  la  methode  des  couplages  faibles,  nous  engraissons  les  corps  des  epaisseurs  de  deplace- 
ment  des  couches  limites  et  mettons  dans  l'espace  l'equivalent  des  sillages  en  ecoulement  de  puits  et 
rotationnel.  Ce  processus  n'est  theoriquement  pas  convergent  si  l'on  itere  sans  precaution  (rof.  52).  II 
esc  necessaire  de  partir  d'une  solution  initiate  realiste,  et  de  se  limiter  a 2 iterations  en  excluant  les 
zones  de  couplage  singulier  (boru  -*e  fuite  essentiel  lement)  qu'on  peut  considerer  comme  des  zones  de 
couplage  fort. 

Pour  les  couplages  foits  (ou  singuliers)  nous  faisons  une  prevision  a priori  des  zones  decol- 
lees  pour  avoir  leur  forme  3 partir  de  2 ou  3 positions  du  point  de  decol lement,  donnees  a priori  - ou 
bien  nous  nous  servons  de  solutions  de  NAVIER  STOKES.  C'est  par  iteration  et  interpolation  entre  ces 
differences  solutions  completes  que  nous  recons tituons  directement  un  cas  de  couplage  fort,  toute  tentative 
de  solution  directe  (en  dehors  des  solutions  exactes  de  NAVIER  STOKES,  mais  a des  Reynolds  trop  faibles) 
se  revelant  extremenunt instable  (fig  6).  De  toute  faqon,  on  peut  considerer  ce  point  comme  important 
mais  non  critique  par  rapport  a la  me^onnaissance  des  structures  turbulentes  des  ecoulements  - excepte 
pour  les  modeles  trop  complexes  de  zones  decollees  tridimensionnel les  qui  doivent  etre  nettement  ameliores. 

3.3.  Calculs  de  fluides  visqueux. 

3.3.1.  Fluides  visqueux  laminaires  : 

Les  calculs  laminaires  tridimensionnels  ne  presentent  pas  de  difficultes  part icul ieres  dans  le 
cadre  des  hypotheses  de  couches  limite.  ou  ils  sont  maintenant  classiques  (ref.  53  et  54).  Les  calculs 
.hors  hypothese  de  couche  limite  peuvent,  3 faible  nombre  de  Reynolds,  etre  effectues  maintenant  direrte- 
ment  a l'aide  de  la  resolution  des  equations  de  NAVIER  STOKES.  Nous  utilisons  de  plus  en  plus  cette  vote 
a l'aide  de  la  methode  des  elements  finis  qui  est  bien  adaptee  a ce  traitement  d'equations  non  lineaires 
par  une  suite  de  minimisations  garantissant  une  distance  3 la  solution  exacte  suffisamment  faible 
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(ref.  55).  Les  limitations  dues  au  nombi  e de  Reynolds  n'empechent  pas  un  realisme  de  la  representation  des 
zones  visqueuses  decollees  complexes  dont  on  est  loin  de  disposer  en  turbulent  et  qui,  par  consequent, 
fournit  des  modeles  souvent  tres  valables  des  que  Re  > 500. 

3.3.2.  Fluidcs  visqueux  turbulencs  : 

Les  mfithodes  de  craitement  de  la  turbulence  font  appel  soit  a un  traitement  local  ou  le  tenseur 
de  frottement  visque"x  est  relie  £ une  donnee  locale  (en  general  le  gradient  de  vitesse  local)  generalise 
par  l'emploi  d'une  longueur  integrate  faisant  intervenir  la  dimension  de  la  zone  visqueuse,  soit  3 un 
traitement  Lagrangien  qui  suit  le  developpement  des  cisaillements  dans  le  fluide.  Seule  la  deuxieme 
methode  est  theoriquement  exacte  (ref.  56)  mais  le  delai  d'aboutissement  des  recherches  theoriques  corres- 
pondantes  le  reserve  a un  futur  qu'on  espere  rapproche.  Nous  utilisons  systematiquement  par  consequent  le 
calcul  par  la  methode  des  differences  finies  du  traitement  local  de  la  turbulence.  Nous  avons  renonce 
cependant  aux  modeles  de  longueur  de  melange  pour  des  modeles  de  longueur  de  dissipation  et  1 'utilisation 
de  l'energie  cinetique  moyenne  suivant  la  methode  aux  differences  finies  de  S1ALDING  (ref.  57).  Si  les 
resultats  sont  equivalents  aux  methodes  plus  classiques  telles  que  celles  de  CEBECI  et  SMITH  (ref.  58)  on 
peut  seules  les  utiliser  dans  les  cas  complexes  (fig.  7)  de  melanges  de  sillages  et  de  couches  limites 
(ref.  59). 


On  peut  considerer  que  le  traitement  jusqu'au  decollement  des  couches  limites  turbulentes 
tridimensionnel  les  est  ainsi  tres  suf  f isamnent  obtenu  mais  qu'il  n'en  est  pas  de  meme  du  traitement  des 
zones  de  jet  parietal,  a forte  courbure  ou  des  progres  enormes  restent  a faire  ainsi  qu'au  voisinage  des 
eclatements  de  sillages.  De  plus,  on  rappelle  la  meconnaissance  relative  des  phenomenes  de  transition 
tres  importants  pour  la  transposition  au  vol  et  la  validite  des  essais  de  soufflerie. 

Une  revue  detaillee  des  problemes  correspondents  est  donnee  dans  la  reference  60.  On  retiendra 
que  e'est  surtout  dans  ce  domaine  que  1 ' amelioration  des  methodes  de  calcul  aux  differences  finies 
actuelles  risque  d'ameliorer  le  plus  nos  moyens  de  calcul,  et  par  consequent  la  qualite  des  hypersusten- 
tations  conques  a l'aide  de  ces  calculs.  On  insiste  a nouveau  surle  fait  que,  desormais,  e'est  seulement 

par  des  experiences  et  theories  fondamentales  que  se  fera  une  amelioration  de  ce  calcul  des  zones 

turbulentes. 

4.  RESULTATS  DE  CALCUL  - COMPARAISONS 

4.1.  Calculs  avec  et  sans  decol lements. 

La  comparaison  des  resultats  experimentaux  aux  resultats  theoriques  ne  sera  significative 
qu'avec  decollements.  On  peut  considerer  en  effet  que  sans  decollement,  un  ecart  ne  peut  venir  que  d'une 
mauvaise  discretisation  de  calcul.  Sur  la  figure  8,  une  comparaison  portant  sur  une  maquette  en  fleche  de 
4 m d'envergure  en  5 corps  montre  le  type  de  recoupement  qu’il  est  possible  d’effectuer.  Figure  9 des 
traces  ordinateur  montrent  la  presentation  des  resultats  de  calcul  en  Cp,  H de  couche  limite  et  en 
structure  et  profil  de  vitesses  qui  servent  de  base  aux  comparaisons  fines  de  comprehension.  Sur  la 
figure  9,  des  comparaisons  a a * 30°  montrent  qu'il  est  possible  d'obtenir  de  bons  recoupements  en  pression 
sur  des  ecoulements  tres  decolles  sur  l'aile  en  fleche  precedence  ; une  prise  en  compte  de  l'aerodistor- 

sion  de  la  maquette  a ete  necessaire,  coimne  pour  un  avion  reel. 

Le  calcul  des  sillages  ne  presente  pas  de  difficultes,  mais  des  configurations  complexes 
d' interruption  de  volets  introduisent  des  sillages  compliques,  tels  ceux  que  l'on  donne  figure  10  et  dont 
la  partie  interne  a ete  bien  reconstitute  en  soufflerie. 

4.2.  Influence  du  nombre  de  Reynolds 

Dans  les  resultats  presentes  ci-dessus,  1'effet  du  nombre  de  Reynolds  est  preponderant.  On 
donne  sur  la  figure  II  l'influence  du  Reynolds  sur  la  portance  de  la  configuration  3 corps  presentee 
en  haut  de  la  figure  9,  ou  1'effet  de  1 'etablissement  d'une  bulle  de  decollement  est  tres  important.  On 
voit  que  les  courbes  de  portance  sont  tres  differentes,  et  ceci  revet  une  grande  importance  pour  la  trans- 
position au  vol  des  resultats  de  soufflerie  apres  decrochage.  Un  des  merites  non  negligeables  des  calculs 
p-ec'ables  de  comparaison  souf f lerie-vo l sera  de  pouvoir  eliminer  les  choix  de  maquettes  ou  de  souffleries 
inadequats  a l'aide  de  diagranmes  analogues  a ceux  de  la  figure  12  : celui-ci  donne  pour  le  MERCURE  les 
zones  possibles  de  fonctionnement  en  fonction  du  nombre  de  Reynolds  unitaire  de  la  corde. 

4.3.  Comparaisons  detail  lees  des  zones  visqueuses. 

On  donne  figure  13  deux  exemples  de  comparaison  de  resultats  de  mesure  et  de  methodes  de 
calcul  par  differences  finies  sur  les  profits  de  vitesse  en  aval  d'une  fente.  La  reorganisation  des 
structures  turbulentes  se  traduit  par  une  dissipation  plus  ou  moins  rapide  des  creux  de  vitesse  amont. 
Cette  reorganisation  prend  place  le  plus  souvent  sur  toute  la  longueur  du  profil  hypersustente  mettant 
en  evidence  l'importance  de  ce  phenomene  qui  gouverne  les  possibilites  de  recuperation  de  pression  des 
couches  visqueuses  malgre  les  gradients  de  pression  defavorables.  Figure  14,  le  resultat  presente  est 
relatif  a des  mesures  effectuees  en  vol  au  bord  de  fuite  de  l'aile  hypersustentee  du  MIRAGE  G-01.  Des 
comparaisons  sur  les  effets  globaux  instat ionnaires  semblent  egalemenl  encourageants  ; la  aussi,  l'interet 
fondamental  d'une  meilleure  comprehension  de  la  structure  de  la  turbulence  est  evident. 

4.4.  Conclusions. 

Les  quelques  comparaisons  que  nous  avons  presentees  ci-dessus  (et  un  ensemble  plus  complet 
donne  dans  la  reference  52)  permettent  d'avancer  les  conclusions  suiva'ites  que  nous  donnons  en  guise  de 
bilan  de  la  validite  de  notre  systeme  dt  calcul  theorique  : 

- l'etat  actuel  des  methodes  de  ealeu Is tr id imens ionne 1 s compressibles  sans  decollements 
importants  est  assez  sat isfaisant, 

- la  prevision  des  effets  du  nombre  de  Reynolds  est  correcte,  excepte  pour  les  effets  lies 
a la  transition  (maquettes  de  soufflerie) 

- un  perfect ionnement  du  traitement  des  zones  visqueuses  turbulentes  complexes  est  souhaitable. 
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Bien  que  notre  connaissance  actuelle  d'un  certain  nombre  de  modeled  simples  de  simulation  des 
Acoulements  turbulents  permette  dej 3 des  calculs  globalement  valables,  les  progres  evident*  restant  3 faire 
laissent  entrevoir  des  gains  ulterieurs.  Ces  progres  devront  porter  au  atade  de  la  recherche  fondamentale 
sur  la  mise  en  evidence  de  modeles  turbulents  plus  universels  (pour  des  calculs  globaux)  - ou  1 defaut 
d'etre  universels,  plus  sophistiqu£s  pour  etre  3 raeme  de  suivre  la  restructuration  des  zones  turbulentes 
et  leur  melange  ou  leur  dissipation  dans  des  processus  tridimensionnels  et  instationnaires  de  confluence 
ou  de  dissipation  (eclatement  de  vortex,  ou  sillages,  par  exemple). 

Avec  les  limitations  evoqudes  ci-dessus,  on  peut  maintenant  utiliser  l'outil  informatique  pour 
concevoir  complStement  les  formes  et  positions  relatives  des  elements  d'un  dispositif  hypersustentateur 
complet.  Ce  travail  peut  etre  considere  d'abord  conme  un  moyen  de  travail  precis  de  routine  grace  3 la 
comparaison  globale  des  portance,  trainee  et  stabilite  calculees  des  differentes  configurations  3 1 'etude  : 
on  peut  souvent  effecti'.er  ainsi  des  comparaisons  portant  sur  des  dizaines  de  configurations,  chacune  avec 
sa  recherche  propre  de  j sitions  optimales  en  fente  et  surplomb  (exemple  de  recherche  d1 optimum  fig.  15) 
des  differents  corps.  Mats  ce  travail  apporte  aussi  la  possibility  de  comprendre  le  "pourquoi"  de  ihaque 
resultat,  sa  sensibilite  aux  hypotheses  ou  theories,  et  de  voir  quelles  sont  les  possibilites  d'une 
amelioration  et  ses  limites. 

On  retiendra  egalement  que  les  calculs  sophistiques  qui  sont  presentes  ici  ne  diminuent  pas 
les  besoins  en  essais  de  soufflerie.  11s  conduisent  par  contre  3 les  repenser  : les  essais  sonmaires  sont 
maintenant  3 completer  par  des  essais  mieux  prepares  ou  tout  est  en  place  pour  essayer  de  comprendre  un 
ecart  theorie-experience  : la  maquette  est  equipee  de  mesures  specialisees  d'explo  ation  de  sillages,  de 
couches  limites,  etc...  pour  detecter  ce  qui  n'est  pas  conforme  au  modele  mathematique  et  n'a  pu  etre 
utilise  3 fond  dans  l'optimisation  theorique  prealable. 

5.  CONCEPTION  D'UNE  VOILURE  A FORTE  HYPERSUSTENTATION  MECANIQUE 

II  convient  maintenant  de  voir  cotment  on  peut  utiliser  les  rooyens  de  calcul  precedents  pour 
la  conception  d'une  voilure  3 forte  hypersustentation  mecanique. 

Le  premier  travail  a consiste  3 definir  un  profil  de  base  aussi  bien  lisse  qu'hypersustente. 

Une  epaisseur  relative  de  12,3  Z a ete  choisie  afin  de  ne  pas  trop  compromettre  les  performances  de 
croisiere,  le  profil  etant  d'un  type  avance  mais  non  supercritique.  Le  bee  de  bord  d'attaque  et  les  voiets 
ont  ete  definis  apres  de  nombreuses  iterations  entre  les  desirs  des  aerodynamiciens  et  ceux  des  responsables 
de  la  structure,  comme  si  on  allait  construire  rapidement  un  avion  et  non  pas  seulement  une  maquette  de 
soufflerie.  Cela  est  tres  important  pour  apprecier  la  credibility  des  resultats  obtenus. 

La  forme  en  plan  de  la  voilure  est  caracterisee  par  une  fleche  a 25  Z de  l’ordre  de  25J,  et 
un  allongement  d’environ  10,  les  volets  s'etendent  sur  toute  1 envergure.  Les  protils  de  definition  de  la 
voilure  ont  ete  obtenus  par  evolution  progressive  a partir  du  profil  de  base.  Les  rriteres  retenus  pour  la 
definition  de  ces  profils  etaient,  bien  entendu,  ('importance  du  coefficient  de  portance,  mais  aussi  la 
qualify  de  l'**  [«tiun  dm  de  nwrawit  4e  tangafe**  nm(  Mt*  tgsrstl or  liwe  q*'3iypev>sw 

tentee,  et  jusqu'aux  tres  grandes  incidences. 

Pour  bien  mesurer  l'importance  du  travail  effectue,  il  ne  faut  pas  perdre  de  vue  que  la 
voilure  hypersustentee  est  obtenue  apres  deplacement  des  bees  et  des  volets  suivant  leurs  cinematiques 
respectives  et  que,  par  consequent,  toute  modification  de  forme  ou  de  reglage  ne  peut  etre  definie  et 
evaluee  qu'apres  un  gtand  nombre  d' iterations  mettant  simultanement  en  jeu  les  programmes  de  caicul 
geometriques  et  aerodynamiques . Les  contraintes  geometriques  peuvent  parfois  empecher  d'avoir  localement 
le  reglage  ou  la  forme  que  1'on  souhaiterait. 

Pour  completer  la  demonstration  de  la  credibilite  de  1 'hypersustentation  mecanique  proposee, 
nous  avons  entrepris  la  construction  d'une  maquette  structurale.  Cette  maquette  represente  la  moitie  de 
la  voilure  interne  d'un  avion  de  transport  civil,  3 l'echelle  1/2.  La  conception  de  la  cinematique  de 
volets  a pu  etre  verifiee  sur  ce  banc  d'essai  ainsi  que  celle  des  commandes  de  vol.  La  figure  16  montre 
une  photographic  de  cette  maquette,  en  configuration  d ' at terrissage. 

6.  ESSAIS  EN  SOUFFLERIE  D'UNE  MAQUETTE  COMPLETE 

Pour  aller  plus  loin  qu'avec  un  simple  essai  de  ^rincipe,  nous  avons  construit  une  maquette 
complete  d'un  avion  de  transport  civil  R/STOL  equipee  de  1 'hypersustentation  mecanique  etudiee  precedemmenr . 

La  maquette  aerodynamique  que  l'on  peut  voir  sur  la  photographic  de  la  figure  17  est  en  parti- 
cular equipee  de  gouvernes  sur  les  trois  axes.  Les  essais  ont  ete  effectues  avec  et  sans  nacelles 
motrices. 


Apres  resolution  de  quelques  problemes  de  mise  au  point,  nous  avons  obrenu  les  resultats 
globaux  exposes  sur  la  figure  18.  On  peut  constater  que  le  coefficient  de  portance  maximal  depasse 
nettement  4,  ce  qui  nous  recompense  des  efforts  entrepris.  D'autre  part,  la  stabilite  obtenue  est  bonne, 
avec  seulement  une  petite  instability  observee  quelques  degres  apres  le  decrochage,  precedant  l'hyper- 
stabilite  definitive.  On  peut  done  dire  que  la  configuration  retenue  est  particulierement  saine,  malgre 
ses  hautes  performances. 

Les  resultats  obtenus  dependent  etr jitement  du  nombre  de  Reynolds,  comme  prevu  par  le  calcul, 
car  la  maquette  aerodynamique  fonctionne  avec  des  decollements  laminaires,  contrairement  a l'avion  reel 
qui  fonctionnera  avec  des  decollements  turbulents.  On  a pu  ainsi  constater  que  l'ensemble  de  la  courbe 
"portance/ incidence"  se  decalait  vers  le  haut,  comme  prevu  par  le  calcul,  3 mesure  que  la  vitesse  de  la 
soufflerie  augmentait.  Cela  pose  quelques  problemes  d'extrapolation. 
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L'ensemble  des  resultats  obtenus  en  soufflerie  a permis  de  fabriquer  un  jeu  complet  de  donnees 
pour  constituer  un  modele  de  simulation.  Or.  a pu  ainsi  evaluer,  sur  simulateur,  les  qualites  de  vol  en 
approche  finale,  avec  ou  sans  aides  au  pilotage. 

7.  CONCLUSION 

Grace  aux  progres  realises  en  aerodynamique  theorique,  on  peut  dire  que  les  resultats  acquis 
au  cours  de  cette  etude  dans  les  domaines  suivants  : 

- aerodynamique 

- performances 

- qualites  de  vol 

- structure 

- couts, 

montrent  que  ce  type  d'hypersustentation  mecanique  est  un  candidat  serieux  pour  l'equipement  des  avions 
R/STOL. 
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A METHOD  FOR  PREDICTION  OF  LIFT  *OR  MULTI-ELEMENT 
AIRFOIL  SYSTEMS  WITH  SEPARATION 

by 

K.  Jacob^,  D.  Steinbach^ 

Deutsche  Forschungs-  und  Versuchsanstalt  ftir  Luft-  und  Raumfahrt 
Aerodynamische  Versuchsanstalt  Gfittingen,  Bunsenstr.  10 


SUMMARY 

For  the  analysis  of  high  lift  devices,  such  as  leading  edge  slats  and  slotted  flaps,  a numerical  method  is  pres- 
ented, which  allows  to  predict  pressure  distributions  and  lift  for  almost  arbitrary  airfoil  combinations  in  in- 
compressible flow.  The  method  not  only  takes  care  of  the  boundary  layer  displacement  effect  but  also  allows 
for  rear  separation  with  a dead  air  region.  The  maximum  lift  can  be  predicted  in  dependence  of  the  geometry  of 
the  system  and  the  Reynolds  number  of  the  flow.  By  the  principle  of  reflection  also  the  ground  effect  can  be  taken 
into  account. 

The  method  is  a combination  of  potential  flow-  and  boundary  layer  calculations.  The  potential  flow  calculation 
is  based  on  singularity  distributions  (vortices  and  sources)  on  the  surface  of  the  airfoils.  A dead  air  region  is 
simulated  by  an  outflow  region,  produced  by  a proper  source  distribution  on  the  rear  part  of  the  upper  surface  of 
the  airfoil.  The  point  of  separation  is  found  by  iteration  postulating  that  the  foremost  point  of  the  dead  air  region 
has  to  coincide  with  the  point  of  separation  of  the  boundary  layer,  as  calculated  for  the  attached  part  of  the  flow. 

This  method  has  been  programmed  in  FORTRAN  for  an  IBM  360-65  computer  and  it  was  applied  to  several  air- 
foil combinations.  Comparisons  of  theoretical  and  experimental  results  yield  good  agreement. 
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NOTATION 


ar  a2’  b*  d 

weight  factors  for  basic 
flows  (a^ ),  (a2'.  (b),  (d) 
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angle  of  attack 

c 

chord  of  main  airfoil 
(Fig.  12) 
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pressure  coefficient 

cf 

local  skin  friction  .oef- 
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ficient 
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dissipation  coefficient 
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lift  coefficient 
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displacement  thickness 
of  the  boundary  layer 
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momentum  thickness 
of  the  boundary  layer 
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o t t 

energy  thickness 
of  the  boundary  layer 
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ground  distance  from 
x-axis  of  the  common 

coordinate  system, 
Fig.  7 
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transformed  local  vor- 
tex strength,  Eq.  (8b) 

r. 

total  circulation  around 

1 

airfoil  No.  i 

i,  j,  k 
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airfoil  numbers 
total  number  of  airfoils 
in  the  airfoil  system 

surface  point  numbers 

total  number  of  surface 
points 
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total  number  of  surface  points  at 
airfoil  No.  k 

static  pressure 

stream  function 

transformed  local  source  strength, 
Eq.  (8a) 

Reynolds  nun  ber,  based  on  chord  of 
main  airfoil  and  free  stream  velocity 

distance,  measured  along  surface 
of  an  airfoil 

foremost  point  of  the  dead  air  region 
on  upper  surface.  Fig.  2b 

foremost  point  of  the  dead  air  region 
on  lower  surface,  Fig.  2b 

trailing  edge 

angle  between  trailing  edge  tangent 
(perpendicular  to  the  mean  line  of 
the  airfoil)  and  x-axis,  Fig.  2a 

local  velocity  within  the  boundary 
layer 

point  on  the  upper  separating  stream- 
line, above  trailing  edge.  Fig.  2b 

free  stream  velocity 

tangential  velocity  (of  potential  flow) 
at  the  airfoil's  surface 

normal  velocity  (of  potential  flow)  at 
the  airfoils1  surface  (identical  with 
local  source  strength) 

common  coordinate  system  for  all 
airfoils,  ’•’lg.  2a 

coordinates  of  surface  point  P,  , 
Fig.  2a 

coordinate,  normal  to  the  surface 
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1.  INTRODUCTION 


Airplanes  for  short  take  off  and  landing  (STOL)  need  wings  with  high  lift  at  low  speed.  For  that  many 
means  have  been  invented:  Multi-element  airfoils  with  slats  and  different  kinds  of  flaps,  and  several  ways 
of  boundary  layer  control  by  blowing  and  suction  (see  Fig,  la).  For  survey  and  further  references  in  this 
field  see  G.  V.  Lachmann  (Ref.  1).  H.  Schlichting  and  E.  Truckenbrodt  (Ref.  2)  and 
AGARD.  CP  (Ref.  3). 

The  maximum  lift  of  an  airfoil  always  occurs  with  separation  of  the  boundary  layer.  All  the  means  shown 
in  Fig.  la  aim  at  postponing  strong  separation  (breakdown  of  lift)  to  higher  angles  of  attack  and  to  higher 
lift  coefficients  (see  Fig,  lb).  This  is  achieved  either  by  direct  action  on  the  boundary  layer  (cases  A1 
and  B 1 in  Fig.  la)  or  indirectly  by  producing  "favourable"  pressure  distributions,  using  mechanical  high 
lift  devices  (cases  A 2,  B 2 in  Fig.  la).  For  avoiding  separation  it  is  favourable  to  reduce  positive  pres- 
sure gradients.  Slats  do  this  by  reducing  negative  pressure  peaks  near  the  leading  edge  (case  A 2),  and 
deflected  flaps  increase  the  negative  pressure  on  the  rear  part  of  the  main  airfoils  upper  surface  (case 
B 2).  By  combining  both  and  even  using  double  slotted  flaps  (case  C)  the  resulting  gain  in  lift  can  be  very 
considerable  (see  Fig.  lb).  For  further  understanding  of  the  aerodynamics  of  multi-element  airfoils  see 
A.M.O.  Smith  (paper  No.  10  in  Ref.  3). 

There  have  been  many  experimental  investigations  on  multi-element  wings,  but  no  general  theoretical 
method  exists  which  allows  to  predict  the  maximum  lift  for  such  complicated  configurations.  Maximum 
lift  is  often  found,  when  there  exists  already  a separated  region  of  moderate  size.  Thus  a prediction 
method  for  lift,  including  the  maximum  lift,  has  to  take  into  account  the  influence  of  a dead  air  region. 

The  most  general  case  of  three-dimensional  compressible  flow  with  interaction  and  separation  is  ex- 
tremely difficult.  But  for  the  analysis  and  optimisation  of  high  lift  devirer  it  may  be  already  helpful  to 
have  a method  for  the  two-dimensional  incompressible  flow  with  separation. 


Rows  with  separation 


WVIMf  VI 


Flows  with  prevention  of  separation  by  direct  boundary  layer 

>.  Suction  near  trading  rdgr 

\Au  (flM  Blowing  from  main  body  trailing 

y (onuction 

.nsor  flap  nose) 


Fig.  la  Various  means  for  gaining  high  lift 
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Fig.  lb 


Scetch  of  c^(o)- curves  for  an  airfoil  with  various  high 
lift  devices 


For  single  airfoils  such  a method 
has  already  been  published  in  1969 
by  the  first  author  (Ref.  4).  Since 
then  various  reseachers,  as  Bhate- 
ley  and  Bradley  (paper  No.  12  in 
Ref.  3)  and  the  authors,  have  been 
working  on  similar  methods  for  multi- 
element airfoil  systems.  In  this  pa- 
per the  authors'  present  state-of-the- 
art  is  presented.  This  paper  is  an 
abbreviated  version  of  a recent  re- 
port, (Ref.  5),  supplemented  by  the 
latest  improvements  and  results. 


2.  BASIC  IDEAS  OF  THE  METHOD 

In  order  to  calculate  the  incompress- 
ible flow  for  a multi-element  airfoil 
system  (Fig.  2a)  first  of  all  one  needs 
a powerful  potential  flow  method,  in- 
cluding the  interaction  of  all  parts  of 
the  system.  To  calculate  the  flow  up 
to  and  beyond  maximum  lift,  one  also 
has  to  account  for  viscous  effects, 
especially  for  separation  and  the  dis- 
placement effect  of  a separated  wake 

(dead  air  region).  The  flow  outside  of  a dead  air  region  can  be  considered  as  inviscid,  but,  compared  to 
the  fully  attached  flow,  the  streamliner  of  this  flow  are  displaced  by  the  presence  of  the  dead  air  region. 
The  corresponding  change  in  the  pressure  distribution  on  the  airfoils'  surfaces  influences  the  forces  and 
also  the  position  of  the  separation  point. 

A.  Walt  (Ref.  6)  has  already  shown  in  1940  that  a dead  air  region  can  be  simulated  in  potential  flow  the- 
ory by  an  appropriate  extension  of  the  rear  part  of  the  airfoil.  In  our  potential  flow  model  we  will  use  a 
source  distribution  on  the  rear  part  of  the  airfoil  surface  to  produce  an  outflow  region  (Fig.  2b),  which 
will  serve  for  simulation  of  a dead  air 
region.  For  a given  angle  of  attack  and 
with  a fixed  formost  point  S of  the 
simulated  dead  air  region  and  with  cer- 
tain conditions  to  fix  its  shape  a poten- 
tial flow  with  dead  air  simulation  can  be 
calculated,  as  shown  later  on  in  some 
detail. 

However,  with  different  positions  of 
point  S the  potential  flow  theory  gives 
different  possible  solutions.  But  only 
one  of  those  can  be  physically  possible 
for  a given  Reynolds  number.  This  must 
obviously  be  the  one  flow  for  which  point 
S coincides  with  the  point  of  separation 
of  the  boundary  layer, 
calculated  with  the  pres- 
sure distribution  in  front 
of  point  S . 

Now  we  can  see  that  each 
part  of  the  calculation, 
potential  flow  with  dead 
air  simulation  on  one  hand 
and  boundary  layer  calcu- 
lation on  the  other  hand, 
requires  certain  results 
from  the  other  part.  Con- 
sequently the  total  calcu- 
lation procedure  can  only 
be  some  iterative  combi- 
nation of  the  two  parts. 

We  will  nowdeal  in  some 
more  detail  with  each  of 
the  two  parts  of  the  cal- 
culation, and  in  section  3 


Fig.  2a  Geometry  of  a multi-element  airfoil  system 


vortices 


Fig.  2b 


Potential  flow  around  a multi-element  airfoil  system  with  dead  air 
simulation  at  the  rearmost  element 
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Basic  flow  (a,  J:  Uniform  approach  flow  in  x-dirtcfion  we  will  see  how  to  combine  them. 


Basic  flow  (a^J:  Uniform  approach  flow  in  y-direction 


Basic  flow  (b):  Circulatory  flow  around  on t of  the 


Basic  flow  Id):  Outflow  from  one  of  the  airfoils 


For  the  potential  flow  calculation  we  will  use 
a surface  singularity  method,  based  on  the 
integral  equation  of  E.  Martensen  (Ref.  7). 
That  leads  to  a large  system  of  linear  equa- 
tions for  the  unknown  tangential  velocities  at 
a finite  number  of  points  on  the  airfoils'  sur- 
face (see  section  4).  In  that  system  of  equa- 
tions the  flow  conditions  at  infinity  as  well  as 
some  given  source  distribution  on  the  surface 
go  only  into  the  right  hand  sides.  Thus  cer- 
tain different  "basic  flows"  (see  Fig.  3)  can 
be  computed  independently.  These  basic  flows 
shall  be: 

(Sj ) a uniform  approach  flow  in  x-direction, 

(a^)  a uniform  approach  flow  in  y-direction, 

(b)  a circulatory  flow  around  one  of  the 
airfoils,  and 

(d)  an  outflow,  produced  by  a source  distri- 
bution on  part  of  the  surface  of  that 
same  airfoil. 


Then  for  a given  angle  of  attack  and  fixed  po- 
sitions of  the  points  S and  T , a flow  as 
shown  in  Figure  2b  can  be  obtained  by  super- 
position of  these  basic  flows. 

But  we  are  still  left  with  the  problem,  what 
conditions  we  shall  pose  on  the  simulated 
dead  air  region  to  get  a physically  realistic 
flow  outside  of  that  region.  Now,  with  regard 
to  experimental  observations,  we  introduce 
the  following  conditions: 


(1)  The  separating  streamline  shall  take  off 
tangentially  from  the  surface  (no  corner 
flow),  because  observed  pressures  cor- 
respond to  a smooth  non- zero  velocity 
distribution  around  the  separation  point 
(see  Fig.  4). 

(2)  The  separating  streamline  shall  have  an 
approximately  constant  pressure  distri- 
bution near  the  airfoil,  because  of  ob- 
served approximately  constant  pressure 
in  a real  dead  air  region. 

More  precisely  we  demand  that  the  pres- 
sure is  equal  at  three  special  points  of 
the  separating  streamlines,  namely  at 
the  foremost  points  S and  T and  at 
point  U above  the  trailing  edge  (Fig.  4). 
This  gives  two  conditions 


(2a) 

(2b) 

(2c) 


PS  PT 


and 


cpT  " cpU  ' 

Moreover  we  want 

the  pressure  to  vary  very  little 
between  points  S and  U . 


Conditions  (1)  and  (2c)  can  be  satisfied  by 
using  our  "standard  source  distribution"  of 
Fig.  5 for  the  basic  flow  (d).  Then  the  two 
conditions  (2a)  and  (2b)  can  be  met  by  proper 
choice  of  the  two  weight  factors  b and  d of 
the  circulatory  flow  and  the  outflow.  That  is 
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Fig.  4 Pressure  distribution  for  flow  with  separated 
wake 


tion 


so  because  the  strength  of  the  basic  flows  (b)  and  (d)  influence  the  shape  (direction  and  size)  of  the  simu- 
lated  dead  air  region  in  the  resulting  flow  and  thus  the  pressure  at  the  points  S,  T,  and  U . 

Now  we  can  see:  If  we  only  decide  for  a certain  standard  source  distribution,  our  potential  flow  model  is 
unique  for  a fixed  angle  of  attack  a and  given  points  S and  T . It  is  the  potential  flow  which  results 
from  superpositionof  the  four  basic  flows  (Sj),  (a2),  (b),  and  (d)  with  the  weight  factors  Sj  and 
a2  being  determined  by  a and  the  weight  factors  b and  d being  fixed  according  to  conditions  (2a) 
and  (2b)  . The  resulting  flow  looks  like  the  one  in  Figure  2b.  with  an  outflow  region  having  important 
characteristics  of  a separated  wake  near  the  airfoil  and  going  continuously  to  infinity  with  the  pressure  p 
going  finally  to  p^  . 

From  the  mathematical  point  of  view  we  have  an  elliptical  problem  with  the  following  boundary  conditions: 

v * (V  coso,  V sin  a)  at  infinity, 
oo  oo 

vn  = d-f(s)  with  given  f(s)  between  j oints  ? and  T on  the  surface  of  one  airfoil  (No.  i), 

vr  = 0 everywhere  else  on  the  surfaces  of  the  airfoils, 

vt  * 0 at  the  trailing  edges  of  all  airfoils  No.  k f i (Kutta  condition). 

Furthermore  we  have  the  two  conditions  (2a)  and  (2b)  for  fixing  d and  the  circulation  for  airfoil  No.  i. 

Now,  having  calculated  such  a potential  flow  with  a simulated  dead  air  region,  we  have  to  investigate  by 
a boundary  layer  calculation,  if,  for  a given  Reynolds  number,  the  chosen  point  S coincides  with  the 
separation  point. 

For  the  boundary  layer  calculation  we  will  use  the  method  of  J.  Rotta  (Ref.  8)  which  is  an  approximate 
method  based  on  the  integration  of  momentum  and  energy  equation.  We  always  start  the  calculation  near 
the  leading  edge  stagnation  point  with  a laminar  boundary  layer.  As  to  separation  and  transition  our  pro- 
gram provides  the  following  choice: 

4 

(1)  For  low  Reynolds  numbers  (say  Re  < 5*  10  ): 

The  calculated  separation  point  of  the  laminar  boundary  layer  is  used. 

No  transition  and  no  reattachment  takes  place. 

(2)  For  high  Reynolds  numbers  (say  Re  > 10^): 

The  separation  point  of  the  turbulent  boundary  layer  is  used 

with  (a)  a given  transition  point  (for  instance  from  experiment) 

or  (b)  a transition  point  which  is  identical  with  the  calculated  laminar  separation  point. 

By  not  considering  the  possibility  of  formation  and  sudden  bursting  of  separation  bubbles  we  in  effect  al- 
ways assume  "rear  stall"  by  so  far. 


BMPHhliWli  “~  - ■■' — ■TiiH'i 
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Other  kinds  of  stall  (long  bubble  and  leading  edge  stall)  may  occur  at  rather  thin  airfoils  and  low  or  mod- 
erate Reynolds  numbers.  Moreover  merging  and  interaction  of  the  bout  dary  layers  of  the  various  airfoil 
elements  may  Influence  transition  and  separation.  As  D.N.  Foster  (paper  No.  11  In  Ref.  3)  pointed  out, 
these  phenomena  may  in  certain  cases  Jsihuence  the  flow  notlcably.  Therefore  some  extensions  of  our 
method  may  be  desirable. 


3.  SHORT  DESCRIPTION  OF  THE  PROCEDURE 


The  practical  computation  of  the  flow  for  an  airfoil  system  with  given  geometry,  angle  of  attack  a , and 
Reynolds  number  Re  is  done  by  the  following  steps: 


(1)  Computation  of  the  attached  potential  flow  and  the  boundary  layers  for  all  the  airfoils. 

This  step  serves  to  get  the  displacement  thickness  of  the  boundary  layers  and  to  see  whether  there 


is  separation  at  all  and  if  so,  at  which  airfoil. 


Necessary  substtps: 


(1. 1)  Calculation  of  basic  flows  (a^)  and  (a^)  by  setting  up  and  solving  the  system  of  linear  equations. 


(1.  2)  Superposition  of  these  flows  with  proper  weight  factors  a and  b for  the  given  angle  of  attack. 


(1.  3)  Boundary  layer  calculation  for  all  airfoils  for  the  given  Reynolds  number. 


If  multiple  separation  at  more  than  one  airfoil)  is  indicated,  our  program  gives  notice  and  then  stops. 


(2)  Calculation  of  a basic  flow  (b)  (circulatory  flow  around  the  airfoil  with  separation)  and  of  a series 
of  basic  flows  (d^)  with  standard  source  distributions  for  different  points  S on  the  upper  sur- 
face of  the  airfoil  with  separation.  The  points  S , «*  1,  2, . ...O  shall  be  arranged  such  that  Sj 
is  nearest  to  the  trailing  edge  and  with  increasing  ui  the  distance  grows  in  small  steps. 


In  addition  a special  basic  solution  (e)  shall  be  calculated  for  simulation  of  the  displacement  thick- 
ness. This  is  done  by  using  source  distributions  on  all  airfoils,  with  the  local  source  strength  being 
proportional  to  the  local  increase  of  displacement  thickness  and  velocity  (see  section  4.  4). 


Step  (2)  is  a necessary  preparation  for  the  intended  construction  of  a flow  with  a "dead  air  region" 
by  superposition  of  all  the  basic  flows. 


Necessary  aubsteps: 


(2. 1)  Preparation  of  all  the  source  distributions. 


(2.  2)  Calculation  of  the  basic  flows  (b),  (d  ),  and  (e)  by  setting  up  and  solving  a system  of  linear  equa- 

Cl) 

tlons  with  several  different  right  hand  sides. 


(3)  Construction  of  a flow  with  a simulated  dead  air  region  by  superposition  of  the  basic  flows  (a^), 

(a2),  (b),  (d^) . The  resulting  flow  shall  satisfy  the  condition  of  equal  pressure  at  the  points  S^, 

T,  and  U . This  has  to  be  achieved  by  proper  choice  (lterativ  calculation)  of  the  weight  factors  b 

and  d for  the  corresponding  basic  flows,  with  the  weight  factors  a.  and  a.  being  fixed  by 
CO  1 z 

the  given  sngle  of  attack  (see  section  5).  k 


Necessary  aubsteps: 


(3. 1)  Calculation  of  first  approximations  for  the  weight  factors  b , d^. 


(3.  2)  Calculation  of  the  resulting  flow  by  superposition. 


(3.3)  Locating  the  point  U on  the  upper  separating  streamline  and  calculating  the  pressures  at  S , T, 


and  U . 


(3.  4)  If  there  is  no  equal  pressure  at  S , T,  and  U 
improve  the  weight  factors  and  return  to  (3.  2), 


otherwise: 


(3.  5)  Boundary  layer  calculation  for  the  resulting  flow  with  the  given  Reynolds  number,  to  check  if  sepa- 


ration is  indicated  in  front  of  the  foremostpoint  of  the  dead  air  region.  If  so,  return  to  ( 3. 1 ) 


using  now  the  next  basic  flow  (d^^)  with  a foremost  point  S^j  lying  a bit  ahead  of  S^. 


i 
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!f  for  the  first  time  the  boundary  layer  calculation  indicates  no  separation  ahead  of  the  foremost 
point,  the  calculated  flow  is  taken  as  the  final  result.  Notice  is  given  if  multiple  separation  is  in- 
dicated for  this  flow. 


4.  CALCULATION  OF  THE  BASIC  FLOWS 
4.  1 The  fundamental  integral  equation 

For  the  tangential  velocity  v on  the  surface  Su  of  a closed  body  in  two-dimensional  incompressible 

potential  flow,  with  the  velocities  v = (V  cos  a,  V sin  a)  at  infinity  and  v * 0 inside  of  the  body, 

00  00 

the  following  integral  equation  is  given  in  Ref.  7: 


v (s)  +-  J-  f v (cr)  In  ■.  1 — r do  = 2[^  (s)  V cos  a ^ (s)  V sin  al  - k (s)  (1) 

t it  an  J t r(8,a)  ids  oo  ds  oo  J n 

Su 

with  s and  a meaning  the  distance,  measured  along  the  surface  of  the  body, 

r(s,  a)  meaning  the  straight  distance  between  two  points  of  the  surface, 


9n 


meaning  differentiation  in  the  direction  of  the  outer  normal  to  the  surface, 


and 


kn(s)=i  1 J\{a)Xn7(h)Aa  (2) 

Su 

being  an  integral  containing  given  normal  (blowing)  velocities  vn  on  the  surface. 

Notice:  Because  the  velocity  inside  of  the  airfoil  is  identical  zero  the  tangential  velocity  at  the  surface 

v is  identical  with  a surface  vortex  distribution  and  the  normal  velocity  v with  a surface 
source  distribution. 


4.  2 System  of  linear  equations  for  a single  airfoil 
It  is  shown  in  Refs.  5 and  7 that  by 

(1)  introduction  of  a parameter  presentation  of  the  surface 

x = x{(p),  y = y(ifi),  ps0,...,2»  (3) 

with  the  airfoil  being  surrounded  once  counterclockwise  with  growing  0 , 

(2)  introduction  of  some  auxiliary  variables, 

(3)  carrying  out  the  differentiations,  and 

(4)  discrete  approximation  of  the  resulting  Fredholm  integral  equation  by  unsing  M surface  points 
P^(x^,  y^)  , equidistant  in  0 , 

one  can  finally  arrive  at  a system  of  linear  equations.  This  system  has  the  following  form: 


1 M 

M Z % \ - V V = Vco(3V  C0S  ° + \ 8in  a)  ' % 


for  n = 1,2, , M 


with 


K 

^ (vV  +Vy/ 


(4) 


(5) 
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**  +icr  2 (l 


Zj  (L  q - L q ) 
v*l  <Vp  fivHv 

vfa 


x (x  - x ) + y (y  - y„) 
U U V U U V 


(x„  - V2  + (y„  - V2 


q = v • 8 ("transformed  local  source  strength") 
P nP  P 

7 = v,  • s ("transformed  local  vortex  strength") 
P lP  P 


• J-2  , -2 

s 1 V x I y 

P P P 


The  dot  always  means  the  derivative  with  respect  to  the  part  meter  <p  . As  to  the  derivatives  of  the  coor- 
dinates x > y it  is  recommended  to  calculate  them  with  some  good  numerical  method  but  finally  intro- 
p fi 

duce  the  angle  of  the  tangent  at  the  trailing  edge  into  the  calculation  by  recalculating  x__  from 

1 hi 

*TE=yTECtgT  ’ 

Due  to  the  fact  that  the  circulation  of  the  flow  is  not  yet  fixed,  the  system  of  equation  (4)  is  linear  depend- 
ent and  has  to  be  supplemented  by  an  additional  condition,  for  instance  the  Kutta  condition  at  the  trailing 
edge 


vtTE  = 0 


or  a prescribed  total  circulation 


r M 

r=  / v ds  <*»  y 7 a * 

J 1 » 0 


4.  3 System  of  linear  equations  for  a multi-element  airfoil  system 


Sc  Ur  we  dealt  with  a single  airfoil.  We  now  have  to  extend  the  system  of  equations  to  an  airfoil  system, 
consisting  of  I airfoils  with  interaction. 

If  for  each  airfoil  No.  k , we  write  down  Eqs.  (4)  , supplemented  by  terms  which  express  the  influence 
of  all  other  airfoils  (nos.  j f k),  we  arrive  at  a system  of  I systems  of  linear  equations: 


t(kj)-(j)  = -(k)  _ kslj2< 


Here  the  vector  components  yj  , v = 1. . . 1VT,  j - 1. . . I are  the  M = unknown  values  of  the 

"transformed  vortex  distribution"  at  the  given  surface  points.  After  solving  the  system  the  wanted  veloci- 
ties at  the  surface  can  easily  be  obtained,  according  to  equation  (8b),  from 

v,(j)=7(VJ>  (13) 

\v  'v  ' V ' ' 


.(j)  1.2  .2  ■ 

s = Vx.  + y. 

V jy  J}V 


For  the  matrix  elements  we  get  the  following  formulas: 


and 


A^j)  = for  j f k and/or  v f u 

Jil/  j ^ 


(14) 
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M, 


v<kk) 


(kk) 


- £ A 
£1  v* 
vfa 


with 


(kj)  a ykg(xku  ' 3tji/)  ' Xk^yku  ' yji/* 
uv  / .2  ^ , .2 

(xkM-V  + % - v 


(15) 


(16) 


Notice:  Ae  shown  in  Ref.  9 for  a very  similar  method  it  is  better,  especially  for  rather  thin  airfoils,  to 
calculate  the  main  diagonal  elements  of  01  (kk)  by  interpolation 

A(kk)  »-Lf4U(kk)  +A(kk)  +A(kk)  +A(kk)  ) A(kk)  A(kk)  A(kk)  A<kk)  11(17) 
pp  12L  ^ *i-l  M,  M+l  M-l.l*  ii+1.  *.n- 2 p,  p+2  p-2,  p p+2,  pj"  2 (17) 


and  the  elements  below  the  other  diagonal  from  Eq.  (15) 

M,_ 

. (kk) 


. (kk) 


A'""'  ■ V a' 

* Mk-^+2  £4  “•“k-** 

< 4n 


-(k) 

The  components  of  the  vectors  r in  Eq.  (12)  are 


(k)  , . ,.  . . . (ki) 

r = - V (x.  cos  a + y.  sin  a)  + x 

p oo  k|i  kp  p 


If  airfoil  No.  i is  the  one,  on  which  a source  distribution 

(1)  . 


v'  * qv  ’fi 
nv  1 v 


V‘VT ''s 


(18) 


(19) 


(20) 


for  dead  air  simulation  is  arranged,  wehave  according  to  Eq.  (6)  for  k * i 

• U>  M, 

«!..  i i 


and  for  k f i simply 


with 


p Mi  vp  qp  nv  qv  ' 

i/jlp 


M 


i 


H Mt^i  nv  v 


(21) 


(id) . 

(x  - x )2  + (y  - y )2 
' kp  iv’  'ykp  yiv’ 

Now  we  have  to  fix  the  right  hand  sides  of  Eqs.  (12),  Using  Eq,  (19)  for  the  different  basic  solutions: 
Basic  flow  (a^): 


(22) 


(23) 


Uniform  approach  flow  in  x-direction  with  a = 0 and  v * Vm  at  infinity  and  no  source  distribution 
on  any  of  the  airfoils  (q'  * * 0)  leads  to 


ao 


r(k)  • - V (x.  + 0)  + 0 * - x.  • V 

p oo  kp  kp  oo 

The  Kutta  condition  for  all  the  airfoils  gives  the  additional  conditions  for  this  flow 

7(jk)  « 0 , k * 1...I 


(24a) 


(25) 


with  Index  1 from  now  on  always  marking  the  trailing  edge.  In  a corresponding  way  we  get  for 
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Basic  flow  (»2): 


and  again  the  additional  conditions  (25). 
Basic  flow  (b): 


(24b) 


Pure  circulatory  flow  around  airfoil  No.  i with  total  circulation  = 2ir  c-  , Kutta  condition  for  all 
the  other  airfoils,  no  flow  at  infinity  and  no  source  distribution  anywhere 
leads  to 


and  the  additional  conditions 


r(k)  = 0 (24c) 


M. 

1 

£ 

v=\ 


M.-  c-  V 

1 CD 


for  airfoil  No.  i 


(26) 


and  Eq.  ^ 25 ) for  all  other  airfoils  No.  k f i . 
Basic  flow  (d): 


Outflow  produced  by  a given  source  distribution  at  the  surface  of  airfoil  No.  i between  points  T and  S 


v(i) 


t 0 


for  v = vT<  ..i/g 


(27) 


Further  conditions  for  this  flow  are 


no  flow  at  infinity, 


T.  = 0 (no  circulation  around  airfoil  No.  i),  and 
(k) 

v|j  ■ 0 for  k f i (Kutta  condition  for  the  other  airfoils). 


With  that  we  get 

r<k)  - *(ki)  , 

with  x(ki)  from  Eqs.  (21)  and  (22)  and  qj^  from  Eq.  (20),  and  the  additions l conditions 

Mi 

^ = 0 for  k = i 

v = \ 


(28) 


(29) 


and  Eq.  (25)  for  all  other  airfoils  (k  f i)  . 

Notice:  As  to  the  choice  of  the  source  distribution  we  can,  on  the  basis  of  some  experience, 

recommend  the  one  shown  in  Fig.  5.  Point  T should  be  chosen  at  about  99  # chord  at  the 
lower  surface. 


For  all  basic  flows  certain  additional  conditions  have  somehow  to  be  included  in  the  system  of  systems 
of  Eqs.  (12).  It  is  recommended  to  add  in  each  partial  system  the  corresponding  condition,  divided  by 
, to  each  equation. 


4.  4.  Effect  of  the  boundary  layer  displacement  thickness 

In  order  to  take  into  account  the  displacement  effect  of  the  attached  boundary  lay<»r  we  calculate  an  addi- 
tional basic  flow  (e): 

This  shall  be  ar  outflow  which,  after  superpostion  with  the  basic  flows  (a)  and  (b),  shall  give  a little  out- 
flow region  all  around  each  airfoil  which  corresponds  to  the  displacement  thickness  6(s)  of  the  bound- 
ary layer  (see  Fig.  6). 
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We  witl  use  a source  distribu- 
tion on  the  surface,  correspond- 
ing to  the  local  increase  of  the 
displacement  thickness  and  the 
velocity  v. 


boundary  layer 

displacement 

thickness 


t 


vn  « d(6* 


vt)/ds 


little  sources 
oil  around 


Thus  we  get  approximately  for 
airfoil  No.  j 


v ni/  td^j 


.(j) 


M. 

4n 


* const. 


( 


,0) 

tr+l 


tv-V  °v  J 


(30) 


Further  conditions  for  this  basic 


(a)  without 

separated  wake 


(T)  with  a tiny 
separated  wake 


r — 

Fig.  6 Simulation  of  boundary  layer  displacement  thickness 


(k) 

- 0 at  the  trailing  edge  (which  makes  sure  that  after  superpo- 
sition we  still  get  no  flow  around  the  trailing  edges).  So  we  finally  get 


I 


(k)  = j 

M M 


(31) 


with  x(kl)  from  Eqs.  (21)  and  (22)  with  q^ 
tions.  ** 


from  Eq.  (30)  and  again  Eq.  (25)  as  the  additional  condi- 


Notice:  The  boundary  layer  calculation  gives  the  displacement  thickness  only  up  to  the  calculated  separa- 
tion point.  From  there  on  or  at  the  latest  from  about  96  $ chord  on  we  chose  v going  linearly 
down  to  zero  at  the  trailing  edge.  Thus  we  get  a simulated  displacement  thickness  which  still 
grows  a bit  near  the  trailing  edge.  Finally,  even  for  the  fully  attached  flow,  we  add  a little  "dead 
air  region"  (from  96  i chord  on)  to  make  the  wake  flow  off  like  a tiny  separated  wake  with  con- 
stant pressure  near  the  airfoil  (see  Fig.  6). 


4.  5.  Ground  effect 

Now  we  want  to  incorporate  the 
ground  effect  into  our  potential  flow 
method.  This  can  be  done  by  re- 
flecting the  total  airfoil  system  at 
the  ground  (see  Fig.  7).  Then  each 
pair  of  elementary  singularities  in- 
duces only  tangential  (no  normal) 
velocities  at  the  ground.  Thus,  with 
the  onset  flow  parallel  to  the  ground, 
the  ground  is  a streamline. 

Now  we  have  to  take  into  account 
the  influence  of  the  reflected  images 
of  all  the  singularities  on  the  velo- 
cities at  the  original  airfoils.  This 
results  into  an  extension  of  the 
system  of  equations  (12): 

J = 1 

k = 1, ....  I 
(32) 

with  the  elements  of  the  matrices 
irW  being 


- p vmtl 1 1',-‘ 
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for  all  k,  j,  fi  and  v . 


A,(ki)  -J_  *kg(*kU  ~ V ' V^U  ' V 

uy  M.  , ,2  , . .2 

M J (xkM'V  +(ykM-yV 


y!  * - (2h  + y.  ) 
17  ji/  * ■'ji/ 


(33) 


is  the  ordinate  of  the  image  of  the  surface  point  P^  . 


„(j) 


The  negative  sign  in  (32)  results  from  the  fact  that  the  image  of  the  elementary  vortex  y*  must  have 
the  same  quantity  but  opposite  sign. 


The  additional  vector  on  the  right  hand  side  has  to  express  the  influence  of  the  images  of  the  elementary 
sources  . The  components  of  this  vector  are 


r,(k)  b x,(ki) 

M 4 


(34) 


,(ki) 


with  from  equations  (22)  and  (23),  but  y^  being  replaced  by  y!^  in  equation  (23). 


5.  SUPERPOSITION  OF  THE  BASIC  FLOWS 

By  superpostion  of  the  basic  flows  (a^),  (a^),  (b),  (d)  with  proper  weight  factors  a^,  a b,  d we 

want  to  construct  a resulting  flow,  which  satisfies  the  following  conditions: 

(1)  Parallel  flow  at  infinity  with  velocity  and  the  given  angle  of  attack  a . 

(2)  Kinematic  flow  condition  at  the  surfaces  of  all  airfoils,  except  at  airfoil  No.  i between  points  S 
and  T . 

(3)  Kutta  condition  at  all  airfoils,  except  for  airfoil  No.  i . 

(4)  An  outflow  region  shall  exist  starting  from  airfoil  No.  i with  the  pressure  at  point  U on  the  upper 
separating  streamline  above  the  trailing  edge  being  equal  to  the  pressure  at  the  starting  points  S 
and  T at  the  upper  and  lower  surface  of  airfoil  No.  i: 

CpU  = CpS  = CpT 


Condition  (1)  is  satisfied  by  calculating  the  weight  factors  for  the  basic  flows  (aj)  and  ( a from 


a^  = cos  a and  = sin  a 


(35) 


All  other  basic  flows  give  no  contribution  to  the  flow  at  infinity. 

Condition  (2)  and  (3)  are  satisfied  a priori  by  each  of  the  basic  flows. 

The  only  remaining  problem  now  is  to  satisfy  condition  (4). 

After  the  weight  factors  aj  and  have  been  fixed  by  equations  (35),  the  pressure  coefficients  c 

can  be  considered  as  functions  of  the  remaining  weight  factors  b and  d . 

So  condition  (4)  can  be  written 


cpU(b,d)  - cpS(b,d)  = fj(b,d)  ■ 0 
CpS(b,  d)  - cpT(b,  d)  = f 2(b,  d)  = 0 


(36) 


The  system  of  two  equations  can  be  solved  by  a two-dimensional  Newton  iteration,  with  the  partial  deri- 
vatives of  fj(b,  d)  and  f 2<b,  d)  being  calculated  by  discrete  approximation,  for  example 


9fj(b,d)  fj(b  + Ab.d)  - fjfb.d) 


8b 


Ab 


(37) 


To  calculate  f ^ (b,  d)  for  a given  pair  b,  d we  need  point  U on  the  upper  separating  streamline, 
which  has  the  same  value  of  the  stream  function  as  the  surface  in  front  of  point  S . Point  U can 
be  found  by  iteration. 


For  further  details  see  Ref.  5. 
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6.  BOUNDARY  LAYER  CALCULATION 

For  the  calculation  of  the  boundary  layer  we  use  a program  of  J.  Rotta  (Ref.  8)  which  is  based  on  the 
simultaneous  integration  of  the  momentum  and  the  energy  equations  of  the  boundary  layer.  In  our  special  case 
case  of  incompressible  flow  we  have 

V,  H12  + 2 dVt  .1 

ds  v ds  2 Cf 

and 

^3+a  ,_3_  . 

ds  °3  v{  ds  Cd 

For  the  shape  parameter  5 * t*ie  '•oca'1  s*c^n  friction  coefficient  c^  , and  the  dissipation  coef- 

ficient c for  the  laminar  boundary  layer,  relations  are  used  which  are  based  on  Hartee-velocity-pro- 
files.  d 

For  the  turbulent  boundary  layer  the  velocity-profiles  are  described  by  power  laws.  For  the  friction  co- 
efficient the  formula  of  Ludwieg  - Tillmann  is  used  and  for  the  dissipation  coefficient  the  formula  of 
E.  Truckenbrodt.  For  more  details  see  Refs.  8 and  10. 

As  criterion  for  separation  we  take 

H32  - 63/62  = 1-  5 for  the  laminar  boundary  layer 

^12  = = 0 for  the  turbulent  boundary  layer 

As  input  to  the  program  not  only  c (s)  is  needed,  but  also  the  Reynolds  number  Re  = V • c/v  and 

initial  values  for  the  momentum  thickness  and  the  energy  thickness  63  of  the  boundary  layer  at 

the  first  point  behind  the  stagnation  point.  Rotta  recommended 

{2‘“-  292’^7^7  *"d  53"'64!2  ■ 


7.  NUMERICAL  RESULTS 

Our  method  has  been  programmed  in  FORTRAN  and  applied  to  some  typical  airfoil  combinations.  The 
results  have  been  compared  with  experiments. 

The  program  so  far  is  applicable  to  systems  of  up  to  3 airfoils  with  up  to  Z = 140  given  surface 
points.  It  needs  about  200  K bytes  of  main  storage  and  about  2 minutes  CPU-time  on  an  IBM  360-65 
computer  for  calculating  one  separated  flow,  that  is  the  pressure  distribution  and  lift  coefficient  for  one 
data-set  (a,  Re)  , or  one  point  of  a c^(o)-curve. 

For  our  examples  we  used  100  surface  points  on  the  main  airfoils  and  40  points  on  the  auxiliary  airfoils. 
With  Re  > 10®  we  always  assumed  transition  at  the  calculated  laminar  separation  point  and  considered 
only  turbulent  separation  as  real. 

Our  first  example  is  a modified  NACA  64-210  airfoil  with  a dropped  nose  and  a leading  edge  slat  (see 
Fig.  _B).  For  this  configuration  experiments  of  W.  Baumert  (Ref.  11 ) are  available  for  comparison. 
Figure  8 shows  the  pressure  distributions  for  a flow  with  moderate  rear  separation  at  the  main  airfoil. 
Though  wind  tunnel  and  finite  span  corrections  were  applied  to  the  angle  of  attack,  the  measured  pressure 
distribution  may  still  correspond  to  a somewhat  lower  a than  the  one  used  for  the  calculation.  That 
would  explain  the  slight  deviations  of  the  pressure  distributions  at  the  upper  surfaces.  Figure  9 compares 
the  CjJol-curves  with  and  without  the  slat.  At  about  a = 10°  the  separation  point  starts  to  move  for- 
ward at  the  main  airfoil,  and  at  a — 26.  5°  our  calculation  indicated  additional  separation  at  the  slat. 
Because  treating  multiple  separation  is  not  yet  included  in  our  method,  we  had  to  stop  here,  but  can 
assume  that  from  here  on  the  lift  breaks  down  rapidly  and  we  are  beyond  c,  . All  in  all  there  is 
rather  good  agreement  of  our  theoretical  results  with  the  experiments, and  the  positive  effect  of  the  slat 
is  well  predicted. 

Our  second  example  is  a modified  RAE  2815  airfoil  with  a slightly  dropped  nose  and  a slotted  flap  (Fig.  10). 
Comparing  the  calculated  c.  (o)-curve  with  experiments  from  reference  12,  using  the  experimental 
Reynolds  number  Re  « 3.  8 x 10  for  our  calculations  we  see  some  slight  disagreement.  With  Re  = 
5x10®  agreement  gets  better.  In  any  case  there  is  a remarkable  improvement  compared  to  ideal  flow 
theory.  With  the  flap  deflection  of  about  20°  there  is  some  separation  at  the  flap  already  for  a * 0°  . 

Near  0=14°  our  boundary  layer  calculation  indicated  separation  at  the  main  airfoil,  too. Fig.  11 
shows  the  maximum  lift  and  the  lift  for  0 = 0°  in  dependance  of  the  overlap  s^  of  the  flap.  The  lift 
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Yirfoil  NACA  64-210  with  dropped  nosi 


(Chord  of  original  airfoil  NACA  (4  -210) 
/c  * 0.035;  r‘H/c:  0.025 
— I lower  l vrfot#T 


Ro'J.t 
a*  18° 


upper  turio c» 


Fig.  8 Pressure  distribution  for  an  airfoil  with  a leading  edge  slat 


coefficient  cT  for  a = 0 
i L 

has  a rather  flat  maximum  at 

*K\/'/VMrrrT™-~  - about  3 4 overlap,  and  c. 

fc-1 1 1 1 x Lmax 

a more  distinct  maximum  at  about 

4 5?  overlap. 

0) 

Our  third  example  is  a NACA 

» NACA  23012  airfoil  with  a slotted 

flap  (Fig.  12).  Here  also  the 

ground  effect  was  included.  Fig- 

ure  12  shows  c.  (oj-curves  calcu- 
L 

lated  for  two  different  flap  angles 
with  and  without  ground  effect. 
Because  no  experiments  are 
available  for  this  case  we  offer 

_ in  Fig.  13  a qualitative  compari- 

Eiperimenl  — r— : . 

W Baumerl  son  wlt*‘  three-dimensional  ex- 

ADA  Gottingen  periments  for  a sweptback  wing 

-Present  theor / with  flaps  (Ref.  13).  We  can  see 

! that  all  the  typical  features  are 

08  x/c  W in  good  agreement:  With  the  flaps 
neutral  the  ground  causes  an  in- 
iding  edge  slat  creasing  lift  for  all  positive  an- 
gles of  attack.  Also  the  maximum 
lift  is  raised.  With  the  flaps  deflected  there  is  a 

slight  increase  of  c.  for  the  lower  angles  of  at- 
Li 

tack  but  a distinct  decrease  for  the  higher  angles  and 
a reduced  maximum  lift  near  the  ground. 


''Present  theory 
with  slat 

Experiments 


^--Present  theory 
\ without  slat  I 


Re  = 3.3  * 10s 


8.  CLOSING  REMARKS 

A numerical  method  has  been  developed  for  predic- 
tion of  pressure  distributions  and  lift  coefficients, 
including  maximum  lift,  for  multi-element  airfoil 
systems  in  incompressible  flow.  In  addition  to  the 
displacement  effect  of  a separated  wake,  also  the 
effects  of  boundary  layer  displacement  and  ground 
can  be  accounted  for.  The  method,  though  rather 
complicated  and  extensive,  once  programmed  for  a 
computer,  can  easily  be  applied  to  almost  arbitrary 
airfoil  combinations.  Good  agreement  with  experi- 
ments was  obtained  for  several  slat  and  flap  arrange- 
ments and  the  ground  effect  was  qualitatively  well 
predicted. 

Nevertheless  the  method  is  far  from  being  perfect, 
and  several  extensions  seem  desirable: 

For  rather  thin  airfoil  elements  and  moderate  Rey- 
nolds numbers  the  possibility  of  long  bubble  separa- 
tion should  be  included. 


Lift  coefficient  versus  angle  of  attack 
from  theory  and  experiment  for  the  air- 
foil of  Fig.  8 with  and  without  slat 


If  the  high  lift  devices  are  very  close  to  the  main 
airfoil  it  can  become  important  to  account  for 
merging  and  interacting  boundary  layers.  The  wake 
of  a forward  element  merging  with  the  boundary 
layer  of  the  following  element  may  influence  transi- 
tion and  separation. 


Sometimes  even  multiple  separation  can  be  important.  At  some  slotted  flap  configurations  there  can  be  a 
bubble  at  the  lower  rear  part  of  the  main  body  and  a separated  wake  at  the  flap.  Also  to  follow  up  the 
c.  (a)-curve  beyond  maximum  lift,  separation  at  more  than  one  surface  must  be  taken  into  account. 

Drag  prediction  is  another  important  task.  The  pressure  drag  is  much  more  sensitive  to  the  dead  air 
pressure  than  the  lift.  So  far  our  dead  air  pressure  prediction  seems  good  enough  to  predict  the  lift  with 
an  accuracy  of  few  precent,  but  for  drag  prediction  the  dead  air  pressure  prediction  needs  improvement. 


Finally  an  extension  of  the  method  to  compressible  and/or  three-dimensional  flow  would  certainly  be  of 
practical  importance.  So  there  is  still  a wide  field  to  work  on. 


(Chord  of  original  ertoU) 


o Experiments 
O.N.  Foster  tor,  12 


Fig.  10  Airfoil  with  a slottc  d flap  from  Ref.  12 
(gap  = 0.  023*  c , overlap  8^  = 0.  043  cj 
Lift  versus  angle  of  attack 

4i __ 

lift  c Pre3«n  f theory  (Re  * 5 « 10s) 

Experiments,  ref.  12 


Present  theory 


Fig.  12  Lift  versus  angle  of  attack,  calcu- 
lated for  a NACA  23012  airfoil  with 
a NACA  23012  slotted  flap  with  and 
without  ground  effect 


Re*  6-8 • 106 


Ground 

dtiianco', 
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EXPERIMENTAL  HICJi  LIFT  OPTIMIZATION  OF  MULTIPLE  ELEMENT  AIRFOILS  * 

by 

Bjorn  L.G.  LJungstrom 
FFA,  Box  1121,  S- 16 1 11  BROMMA 
SWEDEN 


SUMMARY 

High  lift  optimization  is  first  discussed  in  a general  sense.  High  lift  performance  is  Just  one 
of  a number  of  parameters  that  have  to  be  assessed  in  order  to  evaluate  the  impact  of  a particu- 
lar flap  system  on  the  over-all  cost  efficiency  of  an  aircraft  project.  The  experiments  discussed 
below  are  concerned  with  the  static  performance  of  flap  systems  and  are  therefore  optimizations 
in  a more  limited  sense. 

The  general  usefulness  of  2-D  testing  and  the  2-D  wind  tunnel  techniques  used  for  experimental 
high  lift  work  at  the  FFA  are  discussed. 

Results  are  shown  from  extensive  geometrical  variations  of  double-  and  triple-slotted  mechanical 
flaps.  An  interesting  correlation  between  optimum  slat  gap  and  optimum  slat  angle  is  shown. 
Boundary  layer  measurements  have  been  carried  out  in  order  to  gain  som  further  understanding  of 
these  slat  trends.  It  is  shown  that  an  optimum  slat  position  corresponds  to  a flow  with  rela- 
tively little  interaction  between  the  slat  wake  and  the  main  wing  and  flap  boundary  layers. 
Similar  results  are  also  obtained  for  the  trailing  edge,  where  it  is  found  that  the  different 
viscous  layers  should  be  kept  essentially  separated  from  each  other.  This  is  achieved  with  a 
large  first  flap  gap  and  decreasing  gaps  closer  to  the  trailing  edge. 

It  is  clearly  shown  that  the  slats  or  trailing  edge  flaps  cannot  be  treated  separately.  The  slat 
position  has  a substantial  effect  on  the  viscous  flow  over  the  flaps  and  is  therefore  of  impor- 
tance for  both  leading  edge  and  trailing  edge  limited  cases. 

Two  different  calculation  methods  have  been  used.  One  potential  flow  method  and  one  method  with 
boundary  layer  effects  including  interactions.  The  use  of  state  of  the  art  calculation  tech- 
niques for  optimi7ation  purposes  is  discussed  with  these  results  as  a background. 

The  role  of  2-D  ex,  jriments  in  high  lift  development  is  discussed. 


NOTATION 


f roe-stream  velocity 

C 

model  unextended  chord 

Cw 

wall  suction  reference  pressure 

S 

model  reference  area 

coefficient  = pw  pref 

S 

s 

slat  angle 

hs 

slat  gap 

Pw 

wall  suction  reference  pressure 

os 

slat  overlap 

a 

angle  of  attack 

bf, 

first  flap  gap 

L 

lift 

hf2 

second  " " 

L/D 

lift  to  drag  ratio 

hf3 

third  " " 

cL 

P = lift  coefficient 

«f, 

first  flap  angle 

i»  U‘  • S 

&f2 

second  " " 

C. 

L max 

n 

maximum  lift  coefficient 

-1 rn  -1 

6f3 

third  " 

C drag  coefficient 

^ u • c 

Re  — - — = Reynolds  number,  based  on 

model  chord 

1 . INTRODUCTION 

The  design  of  high  lift  systems  for  coming  generations  of  aircraft  is  a complex  optimization  problem 
involving  a large  number  of  parameters. 

The  primary  effects  are  of  course  the  improvements  in  airfield  and/or  payload  performance  due  to  the 
high  lift  system. 

There  are  however  a nimber  of  significant  secondary  effects  that  have  to  be  evaluated  in  order  to 
assess  the  overall  improvements  due  to  a particular  system  development. 

The  most  important  of  these  are: 

e Power  requirements 

• Control  and  stability  requirements 
e Cruise  performance  penalties 

e Maintenance  requirements 
0 Structural  efficiency,  weight 

• Noise  characteristics 

• Ride  comfort 


* Research  sponsored  by  the  Swedish  Board  for  Technical  Development,  the  Defence  Materiel 
Adninistration  of  Sweden  and  FFA. 


) 

■? 


; 


| 


1 


i 


3 


i 


1—-  i 


It  has  consequently  become  more  and  more  evident  that  Improvement  of  lift  and  drag  coefficients  is 
just  one  of  several  possible  ways  to  improve  a high  lift  system,  but  one  that  has  certainly  domina- 
ted the  development  efforts  during  the  last  decades. 

The  optimization  criteria  for  a high  lift  system  can  be  expressed  as: 

a)  • Maximun  total  benefits  for  a specified  cost 

or 

b)  • Minimum  costs  for  a specified  mission 

The  latter  criterion  probably  represents  the  most  cottmon  approach  in  aircraft  design. 

These  criteria  cun  be  applied  on  many  different  levels.  Fig  no.  I is  an  example  where  the  costs  and 
primary  merits  of  the  high  lift  system  itself  are  plotted.  Tire  trends  should  represent  the  envelope 
of  present  state  of  the  ait  systems.  The  two  criteria  discussed  will  result  in  goals  as  indicated 
in  the  figures  (arrows  a mid  b ). 


MJ  I 2000  ft 

,w  ! Comfort  'A 


^ooott 

i ' 


0 2 4 6 8V 

Fig.  1 High  lift  hardware  cost. 
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Fig.  2 Operating  costs  v.s.  CL 
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A much  more  complete  approach  is  shown  in  Pig  2 where  direct  operating  cost  (per  tori  km)  or  cost  per 
mission  for  a fixed  pay  load,  range  and  cruising  speed  is  plotiixl  against  (j  max  of  the  high  lift 
system.  (Similar  plots  can  of  course  tie  made  for  ;uiy  parameter). 

Two  different  field  length  requirements  are  plotted.  tiOOO  ft  represents  todays  short- to  medium- 
range  aircraft.  Ihe  trend  for  mcrtvuiira!  systems  for  this  rase  is  one  way  to  explain  the  historical 
development  of  sucli  systems,  The  cost  of  fairly  complicated  mechiuiical  flap  systems  has  been  small 
compared  to  the  gains  in  [Xiyload  arid  cruise  perfoimancc.  There  are  of  course  practical  limits  in 
wing  loading  which  comes  out  as  Cj -limits  in  Fig  2.  Those  may  however-  be  shift!*!  substantially  if 
gust  alleviation  is  used. 

There  should  always  exist  one  opt  imim  Cj  milx  . Ibis  optimum  increases  with  decreasing  field  'ength. 
One  tmsic  assimpt  ion  in  the  diagram  is  that  a powered  lift  syste-r  will  give  higher  costs  than  a 
mechanical  one  at  the  same  (j  , This  is  reflect txl  hy  the  step  change  at  the  limit  of  mechanical 
lift.  For  any  given  comb  inn  t ion  of  |>ay  load-range  t oquinsnents  and  state  of  the  art  data  of  high 
lift,  systems  there  should  exist  one  specific  field  length  for  which  pnwertxl  lift  systisns  become  more 
economical  limp  meclitui  icn  I ones.  The  illustrated  case  shows  this  to  be  close  to  2000  ft,  which  may 
be  true  for  some  combinat  ion  of  | xiyload,  range  and  cruise  speed. 
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Fig.  3 D.O.C.  v.s.  field  length. 


Fig.  4 Transportation  cost  v.s. 


Fig  ')  shows  that  the  UK'  for  each  opt  imien  (j  max  decreases  steadily  for  increasing  field  length. 

Tile  justification  for  snorter  field  lengths  is  reflected  by  the  total  transportation  costs  plotted 
in  Fig  '« , where  the  facility  costs  ;uid  effects  on  other  transportation  modes  are  incorporated . The 
interesting  question  now  is,  what  is  Ihe  present  optimum  <q  max  for  a specified  mission  and  liow 
will  a certain  improvement  of  iii(d>  lift  tertinology  affect  Ihe  trends?  IVo  examples  of  possible  im- 
provements are  plotted  in  Fig  t.  A assumes  that  there  is  fairly  equal  improvement  of  mechanical 
and  powered  lift  systems.  11  assumes  that  powered  lift  systems  ha.e  dramat  ica  1 ly  improved  and  mech- 
luiical  ones  only  marginally.  litis  will  probably  have  a suhst ;uit  ia  1 imjiaet  on  the  potential  applica- 
tions of  a it—  I ransportat  ion . The  question  is,  how  much  must  the  present  systems  be  improved  before 
a certain  type  of  operation  heroines  economical  ;uid  are  these  improvements  within  reach  of  H it  D 
efforts?  The  answers  to  these  questions  would  lie  a great  help  to  the  aerodynamic ist  who  does  not 
really  know  wnero  his  efforts  are  most  likely  to  contribute  to  the  development  of  a ir- 1 ransportat  ion . 
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One  illustration  of  this  is  the  case  of  powered  lift  systems  compared  to  mechanical  ones.  It  Is 
obvious  that  the  field  lengths  of  todays  airports  cannot  economically  justify  powered  lift  systems. 
The  question  whether  they  can  be  used  economically  will  depend  on  mainly  two  factors: 

l)  the  potential  benefits  of  short  field  operation,  2)  the  development  of  powered  lift  systems  and 
their  impact  on  the  operating  cost  of  the  aircraft. 

All  these  possible  implications  of  high  lift  system  development  represent  a challenge  to  the  aero- 
dynamicist  (and  others)  which  extends  from  improvements  of  simple  mechanical  flaps  to  development 
of  sophisticated  powered  lift  systems.  Mechanical  flaps  have  dominated  the  air -transportation  scene 
up  to  now.  They  will  probably  continue  to  do  so  for  quite  some  time.  It  is  the  author's  belief 
that  substantial  improvement  of  powered  lift  systems  is  required  if  they  are  going  to  be  competitive 
with  mechanical  ones  even  for  fairly  short  field  lengths.  A recent  study  by  the  Boeing  Company  has 
shown  mechanical  flap  systems  to  be  superior  in  cost.,  weight  and  noise  for  field  lengths  down  to 
2(300  ft  if  gust  alleviation  is  employed  (Hof  l). 

There  is  still  room  for  improvements  in  lift  and  drag  efficiency  and  may  be  even  more  important  in 
stability  and  control  characteristics  of  sophisticated  mechanical  flap  systems. 


Fig.  5 Maximum  lift  history  of 

mechanical  high  lift  devices. 


Fig  5 shows  a time  history  of  C,  of  mechanical 

i j max 

flaps. 

There  is  no  evident  stagnation  of  the  trend,  there 
has  on  the  contrary  been  a marked  improvement  the 
last  ten  years  partly  due  to  a revived  interest  for 
mechanical  flap  development.  The  work  reported  here 
is  ont  contribution  to  this  effort.  Its  objectives 
are  to 

increase  our  knowledge  of  the  flow  around 
mechanical  flap  systems, 

- improve  present  optimization  procedures. 


2.  2-D  WIND  TUNNEL  TESTING 

2 . 1 Genera  1 

2-D  wild  tunnel  tests  have  been  widely  used  during  the  history  of  aviation  for  development  of  both 
high  speed  wings  aid  low  speed  flap  systems.  fhey  have  also  been  used  for  more  fundamental  studies 
of  wing  flow  problems  such  as  boundary  layer  growth  and  separation,  boundary  layer  control,  jet 
flaps,  etc. 

The  obvious  advantages  of  2-D  tests  are: 

• A higher  Reynolds  number  is  achieved  for  a given  wind  tunnel  size, 

• Less  complication  and  cost  in  model  design  ;uid  adjustments. 

• A more  generalized  flow  situation  is  obtained  being  well-suited  for  fundamental  studies  of 
boundary  layer,  etc. 

• Tlie  complexity  and  quantity  of  pressure  distributions  and  boundaty  layer  measurements  are 
significantly  reduced. 

The  main  problems  are: 

• llow  should  the  2-D  test  be  interpreted  in  the  l-dimensional  world  and  vliat  aro  the  limits 
for  their  applicability. 

• The  difficulty  of  obtaining  truly  2 -dimens iona  1 flow  up  to  and  beyond  the  stall. 

Tile  important  question  now  is  to  what  extent  .uul  for  Mint  applications  will  2-d imens ional  tests  be 
justified.  There  is  no  general  answer  to  this.  Extensive  comparisons  of  2-D  tests  with  3-D  ones 
should  give  some  guidance,  which  does  however  depend  on  the  2-  and  (-dimensional  testing  techniques 
used.  It  could  for  instance  he  quite  mis'-ailing  to  draw  general  conclusions  about  this  from  2-D 
tests  with  inadequate  wall  boundary  layer  control. 

The  most  important  applications  of  2-D  t«sts  with  present  testing  techniques  and  knowledge  are 
according  to  the  author's  belief: 

1)  Fundamental  studies  of  viscous  and  in.  icons  wing  flow  including  experiments  to  support  the 
development  of  calculation  methods. 

2)  Studios  of  high  lift  perfo  nuance  trends  f >r  variations  of  geometric  parameters  such  as  flap 
shapes,  flap  angles  .uul  gaps  in  order  'j  improve  our  ability  to  optimize  high  lift  system 
geometries  both  2-  and  1-d  imens  iona  1 iv . 

3)  Optimization  of  bi(^i  lift  section  geometries  for  wings  of  moderate  sweep  and  reasonable  aspect 
ratio,  primarily  fot  mechanical  flap  systems.  (Hie  limits  in  AH  and  sweep  depend  on  a number 
of  other  factors  and  cannot  be  given  gen  Tally).  Half-model  tests  may  however  for  some  of 
these  cases  be  more  cost  effective,  esp*  i tally  for  rases  where  engine-wing  interaction  is 

s ign if iran t . 

4)  Reynolds  number  effects  oil  the  results  fm  a fixed  configuration  and  may  be  more  important, 
on  the  optimum  geometry.  This  knowledge  will  be  helpful  in  the  extrapolation  of  optimum 
geometiy  and  performance  of  txith  2-U  and  3-D  cases  from  model  to  full-scale  He. 


i 
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2-D  Optimization  problem 

The  general  2-dimensional  high  lift  optimization  problem  which  is  a significant  simplification  of  a 
real  3-dimensional  case,  nevertheless  has  such  a large  number  of  variables  that  it  becomes  impossible 
to  cover  all  possible  variations  experimentally.  The  variables  are:  size  and  shape  of  flap  elements, 

plus  three  degrees  of  freedom  for  each  flap  element. 

A common  situation  is  that  one  or  a few  sets  of  flap  shapes  are  selected  from  experience,  possibly 
aided  by  calculations.  Hie  remaining  experimental  problem  is  then  that  of  optimizing  the  positions 
of  the  flap  elements  for  each  alternative  configuration.  The  experiments  in  the  present  report  are 
primarily  concerned  with  this  latter  problem. 

The  remaining  number  of  parameters  is  still  substantial  for  a configuration  of  given  airfoil  and 
flap  shapes.  The  geometry  of  a wing  with  a leading  edge  slat  and  a triple  slotted  flap  is  defined 
by  12  independent  parameters.  Hie  problem  is  then  to  choose  a parameter  variation  program  that 
will  converge  towards  a well- optimized  configuration  within  reasonable  time.  A good  understanding 
of  the  physical  background  to  the  performance  trends  for  different  geometrical  parameters  will  be 
very  helpful  in  determining  such  a program.  This  includes  an  understanding  of  the  balance  between 
viscous  and  inviscous  effects  that  govern  the  trends  for  different  flap  gaps  and  flap  angles,  inter- 
relationships between  different  parameters  and  interaction  between  leading  edge  and  trailing  edge 
devices . 


Optimization  criteria 

The  criteria  that  should  be  applied  are  first  of  all  determined  by  the  operational  requirements 
being  associated  with  take  off,  landing  and  manoeuvring  performance.  These  requirements  can  be 
formulated  in  terms  of  lift,  drag  and  pitching  moment.  The  criterion  for  static  performance  must 
then  be  some  function  of  these  three  parameters.  Hie  most  simple  case  has  been  landing  where 
maxiimxn  lift  coefficient  has  been  a very  dominating  requirement.  This  has  been  changed  lately  due 
to  noise  requirements,  implicating  a need  for  low  drag  - low  power  setting  approaches. 

It  is  however  impossible  to  give  a general  function  of  those  parameters  which  can  be  used  for  two- 
dimensional  testing,  and  it  is  questionable  whether  2-D  results  give  meaningful  trends  for  all 
three  parameters.  C, -results  and  Cl  max  fiends  are  by  far  the  ones  that  can  most  easily  be  inter- 
preted 3 -dimensionally . The  2-D  drag  results  are  less  accurate  and  represent  only  a small  fraction 
of  the  3-dimensional  drag  (2-D  lift  to  drag  ratios  are  approx.  = lOO).  The  CL-results  are  there- 
fore considered  to  be  the  most  important  ones  in  2-D  testing.  Significant  differences  in  2-D  drag 
are  however  useful  for  comparison  of  configurations  with  small  lift  differences,  and  do  also 
give  an  indication  of  the  amount  of  separation. 

A comparison  of  Cl  max  and  drag  trends  for  different  geometrical  variables  reveals  tliat  they  can 
be  surprisingly  similar  for  some  variables  such  as  thin!  and  second  flap  gap.  This  means  that  the 
geometiy  for  the  highest  Cl  max  in  this  case  has  the  most  efficient  flap  flow  resulting  in  mini- 
mum drag  at  least  for  high  angles  of  attack.  There  are  many  other  parameters  where  Cl  max  and  drag 
trends  are  quite  different  such  as  flap  angle  and  slat  angles,  A slat  position  that  gives  good 
Cl  max  results  may  have  high  drag  duo  to  separations  on  the  lower  side  at  lower  angles  of  attack. 

The  "optimization"  trends  discussed  ui  the  following  are  limited  mainly  to  C]  and  Cl  max  results. 


2-D  Wbid  tunnel  facility 


The  high  lift  test  results  reported  below  are  mainly  from  2-<l  imens  iona  1 tests  n>  the  FFA  3.6  m low 
speed  wind  tunnel.  Hie  tunnel  is  equipped  witli  a 2-1)  insert  section  as  shown  in  Fig  6. 

The  vertical  walls  arc  equ ipped  with  boundary  layer  bleed  ;ui<l  boundaiy  layer  suction  through  a per- 
forated area  as  shown  in  F'ig  6.  The  perforated  suction  boxes  are  connected  to  the  FFA  vacuum  rock 
chamber,  which  means  that  voiy  large  suction  quantities  con  be  obtaunsl. 


Boundary 

(j'm.  Marco  *•*•* 
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Fig.  6 FFA  two-dimensional  insert 
test  section. 
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Fig.  7 Effect  of  wall  boundary  layer  suction 
for  triple  slotted  flap  configuration. 
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2.3  tall  boundary  layer  control 

Wind  v mnel  wall  boundary  layer  control  is  considered  to  be  of  paramount  importance  for  the  kind  of 
2-dimensional  high  lift  development  work  discussed  in  this  paper.  The  combined  boundary  layers  at 
the  monel  wall  junction  will  cause  local  separations  that  spread  and  distorc  the  entire  flow  on 
the  mcxiel  well  before  the  2-dimensional  Cp  max-  "Hi is  effect  increases  with  increasing  high  lift 
pot.eni  ial  of  the  model.  Hie  use  of  centre-line  pressure  measurements  will  give  somewhat  better 
resul  s than  balance  measurements  for  the  case  without  boundary  layer  control,  but  the  flow  is 
still  very  3-dimensional  with  wall  induced  premature  separation.  The  importance  of  boundary 
layer  control  is  illustrated  in  Fig  7 which  shows  the  effect  of  wall  suction  on  results  for  a 2- 
dimenslonal  triple-slotted  win^  . 

Cl  max  increases  from  4.2  for  solid  walls  up  to  5-45  for  the  nearly  2-dimensiona]  case. 

The  steep  part  of  the  curve  on  the  right-hand  side  corresponds  to  a case  where  separation  is  pre- 
mat urt  ly  spread  from  the  walls  covering  a substantial  part  of  the  wing  surface.  The  flattened 
part  j£  the  C^  pjajj-trend  corresponds  to  a flow  with  small  separated  regions  close  to  the  side  walls 
which  decrease  in  size  with  increasing  suction  and  do  not  spread  spanwise.  The  stall  is  no  longer 
premat  ire  as  shown  in  Fig  7,  but  the  flap  efficiency  at  hi£i  tingles  of  attack  is  still  somewhat 
degreoed  resulting  in  a slightly  too  lew  max- 

The  suction  quantity  for  the  tests  is  chosen  slightly  higher  than  that  for  which  the  curve  levels- 
off  in  Fig  7-  It  is  considered  better  to  have  too  much  suction  than  too  little  The  governing 
crite-ion  lor  the  suction  for  these  tests  is  to  get  2-dimensional  conditions  at  tne  stall.  This 
means  that  the  suction  quantity  which  is  held  constant  for  practical  reasons,  will  be  too  high 
for  a . 1 angles  below  the  stall.  This  is  not  considered  to  be  any  problem  since  the  effects  are 
f airl'  small,  and  the  interest  of  the  tests  is  concentrated  around  Cl  max  optimization  and  drag 
measui  t.nents  around  Cl  = 0.69  ‘ Cl  max-  Hie  drag  is  measured  with  a wake  pressure  rake  at  a span- 
wise  station  well  away  from  the  wall  and  should  therefore  not  be  too  much  affected  by  excessive 
suction  (contrary  to  the  case  for  too  little  suction). 


2.4  Measurements 

Lift_and_pj.tchi.ng  moment  is  measured  with  an  external  mechanical  balance,  except  for  the  cases 
where  pressure  measurements  are  used. 

Drag  is  measured  with  a total  head  rake  at  a spanwise  station  which  is  undisturbed  by  walls  and 
model  brackets. 

Balance- measured  drag  is  inadequate  for  several  reasons;  It  requires  a very  accurate  knowledge 
of  tne  mean  flow  direction  in  the  tunnel,  due  to  the  very  high  2 -d imens iona  1 L/D  ratios  (~  loo). 

Tne  balance  results  are  also  strongly  affected  by  local  anomalities  in  the  vicinity  of  side 
walls  and  flap  brackets. 

Pressure  distributions  are  measured  on  or.e  of  the  models  (Ref  3). 

To_ta_l  head_b£undarj^  'ayer  _traversej3  are  carried  out  with  a motorized,  fla  Itened  boundary  layer 
probe  in  order  to  study  the  developments  and  interactions  of  the  viscous  layers  (see  Ref  3). 

Wind  tunnel.  £orrgct^ions^.  Classical  lift  and  blockage  corrections  are  applied.  It  is  not  con- 
sidered very  important  for  the  present  purposes  to  obtain  very  accurate  absolute  values  of  the 
balance  results.  The  main  objective  is  to  study  the  relative  effects  due  to  the  configuration 
changes  and  these  are  not  affected  to  any  significant  extent  by  the  correction  method  used.  One 
exception  to  this  is  the  blockage  effect  due  to  separations  on  the  model  (as  introduced  by  MaskelJ  , 
Ref  4).  There  may  be  significant  changes  of  the  amount  of  separation  due  to  an  incremental  model 
change  which  will  effect  the  blockage  term.  This  can  affect  the  optimization  trends  through  over- 
estimation  of  high  flap  angles  w-th  relatively  large  separated  regions. 

This  blockage  correction  term  has  however  not  been  included  due  to  the  practical  difficulties. 

It  requires  an  estimation  of  the  drag  increment  due  to  separations.  This  estimation  becomes 
particularly  difficult  when  the  model  exhibits  some  separated  regions  for  the  whole  angle  of  attack 
range,  which  is  often  the  case  for  the  high  lift  configurations  in  the  present  study.  This  is  cer- 
tainly an  area  where  further  development  is  required. 

3.  THE  LEADING  EDGE  SLAT 

The  classical  idea  about  the  effect  of  a slat  is  illustrated  in  Fig  8.  It  is  conventionally  seen  as 
a way  to  delay  the  stall  by  a modification  of  the  pressure  distribution.  The  flap  efficiency  is  not 
affected  in  this  case. 


Fig.  9 Slat  gap  effects  for  a 10°  slat. 


Fig.  8 Classical  slu  effect. 
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Fig  9 shows  some  experimental  results  from  Ref  7 where  the  slat  gap  is  varied  for  a 10°  slat  and  a 
20  single-slotted  tiailing  edge  flap.  The  deflection  of  the  slat  without  any  gap  gives  a small 
improvement  due  to  the  modified  pressure  distribution.  The  major  part  of  the  over-all  slat  effect 
is  In  this  case  due  to  the  slat  gap  which  gives  a AC  max  of  1.05  for  a 4 % slat  gap.  The 
improvement  from  1 # gap  to  *4  $ gap  is  not  due  to  a delay  of  the  stall  (the  angle  of  attack  of  the 
final  stall  is  the  same  for  these  slat  gaps)  but  mainly  due  to  the  slat  gap  effects  on  the  viscous 
flow  over  the  flap. 


Fig.  11 

Slat  gap  effect  for 
different  slat  angles. 


Fig  10  shows  results  for  a 20°  slat.  The  effects  of  slat  gap  are  similar  but  the  optimum  gap  is 
here  about  3 

Fig  11  shows  and  C at  a = O results  for  throe  different  slat  angles  as  a function  of 

slat  gap.  The  optimum  slat  gap  increases  with  a decreasing  slat  angle.  The  trends  for  or  = 0 

reveals  that  the  potential  flow  effects  are  comparatively  small.  The  distinctive  trends  for  C 
are  mainly  '^elated  to  the  separation  phenomenon  . * max 


The  slat  effect  on  C,  can  be  divided  into  two  main  parts, 

L max  r ' 


U Delaying  the  onset  of  leading  edge  separation  which  is  governed  by  the  local  pressure  distribu- 
tion. 

2)  The  effect  on  the  flap  flow  including  local  trailing  edge  separation  which  is  governed  mainly 
by  the  slat  gap  size. 

The  slat  overlap  is  considered  to  be  of  secondary  importance.  This  assumption  has  been  verified  in 
3-D  tests.  The  overlap  is  kept  approximately  constant  at  a small  value  with  adjustments  to  ensure 
a slot  flow  that  is  basically  aligned  to  the  main  wing  leading  edge  surface. 

Fig  12  gives  an  example  of  the  slat  effect  for  a triple  - slotted  configuration  with  relatively 
hi^i  values.  This  is  a case  where  the  slat  has  a visible  effect  on  the  flap  efficiency  for  an 
extended  angle  of  attack  range. 


Fig.  12  Slat  effect  for  a triple 
slotted  configuration. 
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Fig  13  shows  the  gap  trends  for  a 20°  slat  for  different  trailing  edge  flaps  (single-  and 
double-slotted).  The  similarity  is  evident  but  there  is  a slight  increase  in  the  optimum  slat  gap 
for  hitler  C levels.  This  should  not  be  surprising  since  the  required  gap  size  should  be  related 
to  the  thickness  of  the  viscous  layers  involved. 

The  trends  for  slat  angle  and  slat  gap  discussed  above  are  a result  of  a combination  of  viscous 
arid  inviscous  effects.  In  order  to  get  a better  understanding  of  these  effects  and  theii  elative 
importance  a series  of  boundary  layer  measurements  were  performed  with  a model  according  to  Fig  1**. 


•ouxwr*  L*ia 
nuemcs 


Fig.  14 

2-D  model  for  boundary 
layer  experiments. 


Slot  suction  is  introduced  on  this  model,  not  for  conventional  b.l.c.  purposes  but  as  a way  to  re- 
duce the  thickness  of  the  wake  leaving  the  slat.  This  will  make  it  possible  to  study  the  importance 
of  the  viscous  interaction  between  sxat  wake  and  main  wing-flap  boundary  layers.  The  position  of 
the  slot  and  the  suction  quantities  are  such  that  the  sink  effects  are  an  order  of  magnitude 
smaller  than  the  differences  of  interest. 


SLAT  gap 


fig.  15 


Slat  gap  effect  for  25°  slat. 


The  model  was  first  tested  for  a number  of  slat  gaps  and  a fixed  slat  angle  (25  ) without  any  suc- 
tion. The  results  as  shown  in  Fig  15  exhibit  the  familiar  slat  gap  trend  with  an  optimum  gap  at 
2.5  %.  This  gap  and  a smaller  O.85  % gap  were  selected  for  further  studies.  Boundary  layer  total 
head  measurements  were  performed  at  eleven  stations  along  the  upper  surface  of  the  model  at  an 
angle  of  attack  which  is  1.5  below  the  stall.  Fig  16  shows  the  total  head  profiles  over  the  main 
wing  and  f'ap  for  the  two  different  slat  gaps.  The  optimum  2.5  % gap  corresponds  to  a viscous 
layer  at  the  main  wing  trailing  edge  where  the  slat  wake  is  still  essentially  separated  from  the 
main  wing  boundary  layer.  It  results  in  a more  efficient  flow  over  the  flap  as  shown  by  the 
pressure  distribution  measurement  and  also  by  the  streamlines  from  the  main  wing  trailing  edge. 

The  slat  gap  obviously  also  has  a significant  effect  on  the  state  of  the  boundary  layer  close  to 
the  surface  at  the  main  wing  tratling  edge.  The  profile  for  the  small  gap  is  very  close  to 
separation  and  in  fact  there  may  be  a local  separation  on  the  remaining  part  of  the  main  wing.  It 
is  however  difficult  to  determine  to  what  extent  the  flap  flow  improvement  depends  on  decreased 
local  separation  cm  the  main  wing  trailing  edge  and  what  the  contribution  is  from  the  redistributed 
total  head  losses  over  the  flap. 


•VS'kd-Oft  » 


Fig.  16  51.it  gap  effect  on  total 

head  profiles  and  pressure 
distribution  for  T.E.  flap. 
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The  pressure  distributions  on  the  leading  edges  are  shown  in  Fig  17.  The  problem  here  is  how  much 
of  the  pressure  difference  is  due  to  the  changed  local  geometry  at  the  leading  edge  and  what  is  the 
contribution  from  the  improved  flap  flow? 


In  attempt  to  answer  some  of  these  questions,  suction  was  applied  on  the  slat  as  indicated  in  Fig 
I1*,  in  the  case  of  the  smaller  slat  gap  (0.85  ^ of  c), 


The  boundary  layer  at  the  trailing  edge  of  the  slat  was  measured  for  different  amounts  of  suction 
as  shown  in  Fig  18, 


Fig.  18 

Effect  of  suction  on  slat  T.E. 
boundary  layer. 


The  Cj  results  with  and  without  suction  are  shown  in  Fig  19. 


Cu 


3* 

at 


Fig.  19 


Effect  of  reduced  slat  wake 

on  C,  and  C,  . 

L max  L 


The  curve  for  ^ levels. off  for  the  highest  amounts  of  suction,  indicating  that  the  part  of 
the  slat  wake  cause5  by  the  upper  surface  boundary  layer  has  been  effectively  removed.  Only  a small 
fraction  of  the  slat  wake  remains.  The  C cuives  behave  very  similarly  to  the  case  for  different 
slat  gaps  except  for  the  final  stall  which  is  at  roughly  the  same  angle  of  attack.  The  leading 
edge  pressure  distribution  has  in  this  case  not  been  changed  by  geometrical  differences.  Boundary 
layer  measurements  and  pressure  distributions  for  this  case  are  shown  in  Fig  20. 


Fig.  20  Effect  of  reduced  slat  wake 
on  total  head  profiles  and 
pressure  distribution  of  T.E.  flap. 
a=  19.6°. 


Fig.  21  E'  ■ ct  of  reduced  slat  wake  on 
complete  pressure  distribution. 


The  effect  on  the  boundary  layer  at  the  main  wing  trailing  edge  and  the  flap  pressure  distribution 
are  very  similar  to  those  for  the  increased  slat  gap  discuss  d above.  The  wake  region  over  the  flap 
is  somewhat  reduced  resulting  in  improved  flap  efficiency,  this  is  further  reflected  in  the  pres- 
sure distribution  at  the  'eading  edge  in  Fig  21. 


One  conclusion  that  can  be  drawn  from  this  is  that  the  viscous  flow  effects  of  increasing  the  slat 
gap  are  essentially  similar  elimination  of  a major  part  of  the  slat  wake.  This  is  achieved 

when  the  slat  wake  is  separated  from  the  main  wing  boundary  layer  along  most  of  the  main  wing 


upper  surface. 
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The  optimum  slat  gap  corresponds  to  an  optimum  amount  of  mixing  between  the  slat  wake  i-rnl  the  main 
wing  boundary  layer.  These  conditions  are  however  strongly  dependent  on  the  slat  angle,  as  illus- 
trated by  the  trends  discussed  in  Fig  II  above.  A bigger  slat  angle  corresponds  tc  a smaller  slat 
wake  resulting  in  a reduced  optimum  slat  gap.  It  is  also  probable  that  more  mixing  between  slat 
wake  and  main  wing  boundary  layer  is  optimum  in  this  case  since  the  viscous  effects  are  generally 
less  for  the  smaller  slat  wake.  The  criteria  for  optimum  mixing  conditions  do  also  depend  on  the 

over-all  C level  since  viscous  effects  become  generally  more  important  for  increasing  C . 

L 


Fig.  22  Correlation  between  optimum  slat  gap  Fig.  23  C v.s.  slat  angle, 

and  slat  angle  for  different  T.E.  flaps.  " max 


This  is  illustrated  in  Fig  22  where  optimum  slat  gap  is  plotted  versus  slat  angle  for  different 
trailing  edge  flaps,  'The  trends  are  very  similar  for  all  flap  angles  but  the  over-all  gap  level 
increases  steadily  for  a fixed  slat  angle.  There  is  however  also  a change  in  optimum  slat  angle  as 
shown  in  Fig  23.  It  increases  with  increasing  level.  Hitler  and  higher  slat  angles  are  required 
to  give  a certain  optimum  relation  between  the  pressure  peaks  on  the  slat  and  the  main  wing  lead- 
ing edges.  Fig  24  shows  the  flow  over  a fairly  well  optimized  two-dimensional  configuration  with  a 
rL  max  = 5.5.  (slat  angle  = 20°).  The  slat  wake  is  here  quite  distinguishable  at  the  trailing  edge 
of  the  third  flap.  There  is  consequently  even  less  mixing  for  this  case  compared  with  the  cases 
illustrated  above.  The  size  of  the  slat  wake  is  of  the  same  order  of  magnitude  as  the  main  wing 
wake . 


Fig.  24 


Total  head  profiles  on  optimized 
triple  slotted  flap. 
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Foster  et  al  (Ref  8)  has  found  that  the  optimum  slat  gap  corresponds  to  a case  with  quite  some 
mixing  between  the  slat  wake  and  the  main  wing  boundary  layer.  These  experiments  are  however  for 
one  fixed  slat  angle,  which  is  greater  than  the  ones  used  in  the  present  investigation,  and  with  a 
30°  single-slotted  trailing  edge  flap.  This  means  that  the  relative  size  and  importance  of  the 
slat  wake  is  much  less,  resulting  in  relatively  more  mixing  being  present  for  the  optimum  balance 
between  viscous  and  inviscous  effects. 

4.  THE  TRAILING  EDGE  FLAP 

4.  I Slat  effect  on  T.E,  flap  optimization 

The  merits  of  a trailing  edge  flap  is  often  described  in  terms  of  flap  efficiency  expressed  as 
^ L for  01  = 0. 

A particular  flap  configuration  is  said  to  have  a certain  or  raax  ■ It  may  thus  be  tempting 

to  treat  the  trailing  edge  problem  separately,  trying  to  establish  generalized  data  about  flap 
efficiencies  for  different  configurations.  Experimental  results  have  shown  however  that  the  flap 
optimization  can  hardly  be  treated  separately  from  the  leading  edge  problem.  The  results  discussed 
in  Chapter  3 have  shown  that  the  conditions  for  the  flap  are  significantly  affected  by  the  slat 
position.  Fig  25  is  a good  illustration  of  this. 
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A double-slotted  trailing  edge  flap  was  optimized  for  a fixed  leading  edge  slat  (slat  angle  = 30°, 
slat  gap  = 1 $) . The  result  as  shown  by  the  solid  line  was  a C of  4.  '3  for  a 45°  flap.  The 

slat  was  then  optimized  for  the  best  trailing  edge  configurationn¥5sulting  in  the  improvement 
according  to  the  dashed  line.  The  trailing  edge  flap  was  now  optimized  again  and  a further  improve- 
ment resulted  in  a of  5<0.  The  optimum  flap  angle  was  now  55  • The  improved  slat  position 

changed  the  viscous  ccrSfticns  tor  the  trailing  edge  flow  so  that  a higher  flap  angle  could  be  used. 


Fig.  25  Interaction  between  leading  edge 
and  trailing  edge. 


Fig.  26  SunDi&i~y  of  C results  for 
different  T.E.  flaps. 


A surtmar-y  of  the  best  lift  results  for  some  investigated  trailing  edge  flaps  are  shown  in  Fig  26 


A large  number  of  parameter  variations  have  been  carried  out  including  individual  flap  angles,  com- 
binations of  flap  angles,  gap  sizes  and  overlaps. 

k . 2 Flap  gap  effects 

The  significance  of  the  flap  gap  has  been  investigated  by  Foster  in  Ref  8 where  the  optimum  flap 
gap  is  explained  in  terms  of  a balance  between  viscous  and  inviscous  effects.  The  optimum  gap  cor- 
responds to  a flow  where  the  interaction  between  the  main  wing  wake  and  the  flap  boundary  layer  is 
marginal.  The  results  from  the  present  work  agree  very  well  with  Foster's  findings  for  both  single; 
double- and  tripl- -slotte<  flaps. 

Pig  27  shows  C.  as  a function  of  the  two  gaps  of  a double-slotted  flap.  The  trends  for  at  « 

= 5°  is  totally  Afferent.  This  is  explained  in  Fig  28.  The  flap  efficiency  at  low  angles  of 
attack  is  gradually  reduced  with  increasing  gap  size,  mainly  due  to  potential  flow  effects.  The 
flow  at  high  angles  of  attack  is  however  improved  due  to  reduced  interaction  between  the  main  wing 
wake  and  the  flap  boundary  layers  which,  in  its  turn,  reduces  the  amount  of  local  separation  at  the 
trailing  edge. 


Fig.  27  Flap  gap  effect  on  C 

_ o L max 

and  at  «=  5 . 
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Fig  27  also  shows  that  the  first  flap  gap  should  be  larger  than  the  second  one.  Some  explanation  of 
these  results  are  given  by  the  total  head  profiles  measured  on  a double-slotted  flap  with  optimum 
gups  shown  in  Fig  29. 


Fig.  29  Total  head  profiles  on  optimized 
double  slotted  flap. 
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The  measurements  are  taken  at  an  angle  of  attack  only  1.5°  below  the  stall.  All  the  viscous  layers 
over  the  flap  are  still  essentially  separated  by  potential  flow  cores.  They  are  just  beginning  to 
merge  at  the  trailing  edge  of  the  second  flap.  A rather  big  gap  is  required  to  separate  the  large 
main  wing  wake  from  the  following  shear  layers.  A smaller  second  flap  gap  is  needed  to  separate  the 
small  first  flap  wake  from  the  second  flap  boundary  layer. 

The  results  for  triple-slotte J flaps  are  verv  consistent  with  this. 

Fig  30  shows  flap  gap  trend.,  and  total  head  profiles  for  the  best  flap  gaps  of  such  a configuration. 
The  different  viscous  laye.'s  are  still  quite  distinguishable  at  the  trailing  edge  of  the  third  flap. 


Fig.  30  Flap  gap  trends  for  triple  slotted  flap. 


The  optimum  flap  gap  appears  to  be  a function  of  the  following  parameters: 

. The  size  (displacement  thickness)  of  the  viscous  layer  leaving  the  trailing  edge  immediately 
ahead  of  the  gap. 

• The  boundary  layer  thickness  on  the  nearest  airfoil  element. 

• The  remaining  distance  to  the  trailing  edge  of  the  configuration. 

It  should  be  noted  that  the  very  large  flap  gaps  in  the  present  tests  are  obtained  with  an  ideal- 
ized shape  of  the  main  wing  cut-out.  This  means  that  sound  contraction  ratios  in  the  slot  could  be 
maintained  up  to  fairly  large  flaf  gaps.  More  practical  wing  cut-out  shapes  may  seriously  limit 
le  usefulness  of  such  large  flap  gaps. 

.t  may  not  be  possible  to  obtain  efficient  slot  flow  for  the  large  flap  gaps  due  to  local  separa- 
tions in  the  cut-out  causing  poor  or  negative  slot  contractions. 

4.3  Flap  angles 

It  is  more  difficult  to  draw  any  general  conclusions  about  flap  angles.  The  present  experiments 
did  however  indicate  that  the  first  flap  angle  should  account  for  the  largest  flow-turning  angle, 
the  second  flap  the  second  largest,  and  the  third  flap  the  smallest  turning  angle.  A streamline 
analysis  derived  from  the  boundary  layer  measurements  gave  the  following  flow-turning  angles 
(close  to  the  surface)  for  the  three  flap  elements  of  the  optimized  triple-slotted  flap: 


First 

flap 

30 

Second 

flap 

21* 

Third 

fl  ap 

13* 
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There  is  al90  a correlation  between  flip  angle  and  flap  gap.  The  flap  angle  affects  the  viscous 
layer  developments  which  in  its  turn  effects  the  required  flap  gap.  Fig  31  is  an  illustration 
of  this  correlation.  1.  shows  optimum  first  flap  gap  as  a function  of  C level.  The  diagram 

contains  points  for  both  single-,  doub'e-  and  triple-slotted  cases. 


Fig.  31  Optimum  flap  gap  for  different  Fig.  32  Effect  of  overlap  on  max 

C,  -levels. 

L max 


3 . If  Flap  overlap 

Overlap  effects  on  lift  are  shown  in  Fig  32  for  the  first  flap  of  several  different  flap  configura- 
tions and  for  the  third  flap  of  a triple-slot  ted  flap.  The  trends  are  generally  less  dramatic  than 
the  gap  effects  discussed  above.  Three  curves  are  shown  for  double-slotted  configurations  with 
different  combinations  of  flap  and  slat  angles.  The  optimum  overlap  is  essentially  unchanged.  The 
overlap  is  probably  more  independent  of  other  parameters  than  gaps  anti  tingles.  A variation  of  the 
flap  overlap  and  flap  angle  for  a constant  fl  ip  gap  corresponds  to 

• changed  contraction  ratio  of  the  slot 

• changed  conditions  for  the  'co.mda'  effect 

A high  contraction  ratio  is  desired  for  good  slot  effect  lveness.  The  'coanda'  effect  depends  on 
the  inclination  of  the  trailing  edge  ahead  of  the  gap  and  the  curvature  of  the  flap.  The  balance 
of  these  factors  and  the  general  potential  (low  effects  has  resulted  in  overlap  sizes  between  0.5$ 
1,1  i,.  It  is  however  uncertain  whether  these  results  can  lie  used  for  any  general  conclusions.  A 
different  curvature  for  the  main  wing  under  cut-out  and  the  flap  leading  edge  may  give  different 
rosul  ts . 


A comparison  has  boon  made  between  r.o  different  al  te*"nativo  triple-slotted  configurations,  (as 
shown  in  Fig  2b).  The  results  from  those  are  compared  in  Fig  33.  The  lift  results  are  slightly 
better  for  the  small  third  flap.  The  drag  is  dramatically  different..  This  is  due  to  a larger 
local  separation  on  the  bigger  third  flap. 


Fig.  33  Comparison  of  two  alternat ivo 
triple  slotted  flaps. 


This  is  one  example  of  a case  where  '2—11  drag  measurements  can  be  quite  uselul.  ll  i t defences  of 
this  magnitude  should  certainly  tie  s ign  i f iraiit  for  the  t liree  - d miens  i ona  I case  as  well. 

Ibese  results  together  with  tile  findings  about  the  I lap  gap  efforts  discussed  atiove  do,  according 
to  the  authoi  's  belief,  indicate  that  the  Inst  II  qi  < out  igiu  at  i on  is  obtained  when  tile  sizes  ol 
till*  el-meuts  are  gradually  reduced  towaids  the  trailing  edge.  A triple-slotted  llap,with  i first 
■foment  being  tin-  I trgest  and  the  third  tile  smallest,  would  probably  give  !»  I tei  results  than  t be 
present  mill  igui  it  ions,  both  1 1 1 'entis  of  I if;  ami  drag. 
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5.  CALCULATIONS 

5.  1 Potential  flow  calculations 

The  Douglas-Neumann  potential  flow  method  (Ref  5)  has  been  used  in  connection  with  the  experiments 
for  the  following  purposes: 

1)  As  a reference  to  the  experimental  results  giving  an  indication  of  the  order  of  magnitude  of 
the  viscous  effects. 

2)  To  increase  our  understanding  of  the  experimental  results,  particularly  the  trends  for  cer- 
tain geometrical  variations. 

3)  To  assess  the  usefulness  of  such  calculation  methods  for  high  lift  optimization  purposes. 

Fig  Vt  shows  potential  flow  calculations  for  an  optimized  triple-slotted  configuration  at  two 
angles  of  attack.  There  are  unfortunately  no  experimental  pressure  distributions  available  for 
this  case.  The  potential  flow  C^  is  compared  in  the  ri^it-hand  diagram  with  the  experimental  Cj- 
curve  which  gives  an  indication  of  the  magnitude  of  the  viscous  effects  involved. 


\l 

1 


Fig.  34  Potential  flow  calculation  of  triple  slotted 
configuration  with  small  third  flap  element . 


The  flow  efficiency  at  a = O is  81 

Calculations  for  the  triple-slotted  configuration  with  a larger  third  flap  are  shown  in  Fig  35. 

The  third  flap  pressure  distribution  is  quite  different  for  this  case  which  may  be  the  explanation 
to  the  poor  drag  results  shown  in  Fig  33. 


i 
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Fig.  35  Potential  flow  calculation  fo  triple  slotted 
configuration  with  big  third  flap  element. 


5. 2 Calculations  with  vlscou3  effects 

A method  developed  by  Stephens  and  C>oradia  at  Lockheed,  (Ref  6),  has  been  used  for  tlie  single- 
slotted  flap  configuration  shown  in  Fig  14.  This  method  assumes  attached  flow  and  accounts  for  the 
displacement  effect  of  interacting  viscous  layers  over  the  main  wing  element. 


The  purpose  of  these  calculations  was  to  see  whether  the  method  could  predict  the  experimental 
trends  for  slat  gap.  Calculated  and  experimental  pressure  distributions  for  two  different  slat 
gaps  are  compared  in  Fig  36  (Ref  10). 


CMOXATEt  RESULTS,  «•  wf 


SLAT  GAP=  C.85<* 


I WWPW  RESULTS.  <•*. t 


SLAT  GAP=  2.5% 


..  ^ 


Fig.  36  Pressure  distributions  calculated  with 
Stevens,  Goradia  method  (Ref  6)  for  two 
different  slat  gaps. 


The  experimental  results  show  an  improved  pressure  distribution  on  the  flap  for  the  bigger  slat 
gap.  The  calculation  result  shows  the  opposite  effect,  a reduced  flap  pressure  for  the  bigger 
slat  gap. 

The  reason  for  this  is  probably  chat  the  calculation  model  for  the  flow  over  the  flap  does  not 
account  for  a separate  wake  layer  above  the  flap.  The  layers  are  instead  combined  to  one  displace- 
ment thickness  that  is  added  to  the  flap  shape.  The  calculations  show  correctly  that  the  increased 
slat  gap  causes  increased  pressure  peak  at  the  main  wing  leading  edge.  This  causes  a thicker  boun- 
dary layer  on  the  main  wing  which  is  later  added  to  the  flap  boundary  layer  resulting  in  reduced 
lift  on  the  flap  instead  of  the  improvement  obtained  for  the;  experiments. 

Some  of  the  differences  may  also  be  explained  by  local  separations  for  the  experiments  which  can- 
not be  predicted  by  the  calculations. 

These  comparisons  are  made  for  a constant  angle  of  attack  which  is  a simple  case  to  predict  com- 
pared to  the  effects  on  C, 

L max 

5.3  General  usefulness  of  calculation  methods  for  optimiz;  ion  purposes 

The  ultimate  calculation  method  would  be  one  which  can  be  used  to  predict  C and  C trends 

for  geometrical  variations  making  it  possible  to  optimize  a high  lift  configuration  theoretically. 
Such  a method  must  be  able  to  predict  separation  and  the  continuous  growth  of  local  separations 
up  to  the  max  • order  to  do  this  it  is  necessary  to  include  relevant  models  of  the  viscous 
interactions  above  the  main  wing  and  the  flaps.  There  is  still  a long  way  to  go  before  this  goal 
is  reached. 

The  best  presently  available  methods  can  be  used  for  a fairly  accurate  prediction  of  pressure1 
distributions  on  multiple  element  airfoils  with  small  to  moderate  flap  angles  and  attached  flow. 

They  cannot  be  used  for  prediction  of  or  the  C,  trends  due  to  geometrical  variations. 

I.  max  I max 

There  are  however  many  other  possible  ways  we  can  use  state  of  the  art  calculation  methods  within 
the  framework  of  a high  lift  deve  I opment  program. 


- 
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Potential  flow_calculations  can  be  used  to  improve  the  shapes  of  different  airfoil  elements.  They 
can  also  be  used  in  the  selection  of  flap  configurations  for  experimental  optimization.  The  calcu- 
lated pressure  distributions  will  give  a good  indication  of  the  high  lift  potential  of  a particu- 
lar configuration.  The  most  promising  configurations  can  be  selected  from  a large  number  of 
possible  alternatives  leading  to  a substantial  reduction  in  the  required  number  of  wind  tunnel 
tests. 

Calculations  should  be  used  parallel  to  experiments  as  a reference  which  will  show  the  magnitude 
of  the  viscous  effects.  They  will  contribute  to  the  understanding  of  the  experimental 
results. 

CaJ_culjjtiens_with  viscous  effects 

These  methods  are  in  a relatively  early  stage  of  development.  It  is  therefore  rather  uncertain 
what  their  use  could  be  at  present.  Detailed  experimental  results  similar  to  the  ones  in  Ref  3 
are  needed  to  support  the  further  development  of  these  methods. 

Some  results  have  been  published  (Ref  8),  where  existing  methods  could  predict  the  trend  for  flap 
gap  at  a constant  angle  of  attack  for  a single-slotted  flap  with  a small  flap  angle.  This  is 
certainly  an  important  step  towards  the  ultimate  goal.  It  is  however  uncertain  whether  the  gap 
trends  can  also  be  predicted  for  high  flap  angles  where  the  viscous  effects  become  more  important. 


6.  HIE  RODE  OF  2-D  TESTS 

There  are  two  main  aspects  of  the  role  of  2-D  tests  in  aircraft  development.  The  first  and  prob- 
ably most  widely  accepted,  is  the  indirect  role  of  knowledge-oriented  applied  research  which  will 
improve  our  ability  to  develop  efficient  3-dimensional  wings.  This  kind  of  work  is  not  connected 
to  any  particular  well-defined  project.  Most  of  the  work  discussed  above  should  be  seen  in  this 
perspective. 

The  othor  possible  aspect  is  the  direct  usefulness  of  2-D  testing  in  an  aircraft  development 
program.  Could  2-D  tests  actually  contribute  to  the  efficiency  of  a particular  development 
program?  It  is  the  author's  belief  that  this  may  be  the  case  for  some  projects  with  high  aspect 
ratio  wings  and  small  sweep  angles. 


Fig.  37 

Comparison  of  2-D  slat  trends 
with  corresponding  trends  for  3-D 
full  model  tests. 


Fig  37  shows  a comparison  between  slat  position  trends  for  2-dimensional  tests  and  fhll  model 

tests.  The  full  model  is  a SAAB  project  with  an  aspect  ratio  of  7 and  a leading  edge  sweep  of  18°. 

The  2-D  section  corresponds  to  the  root  section  of  the  aircraft  wing.  The  3-D  wing  section  thick- 
ness ratio  varies  from  15  % at  the  root  to  12  $ at  the  tip.  The  trends  for  slat  angle  and  slat  gap 

in  Fig  37  are  very  similar  for  the  two  cases.  This  should  indicate  that  the  number  of  full  model 
variations  in  this  case  could  have  been  substantially  reduced  if  2-D  tests  were  used  in  advance. 

A large  number  of  2-D  variations  can  be  made  at  only  a fraction  of  the  cost  of  similar  variations 
of  full  model  parameters  at  the  same  Reynolds  number. 

Another  important  problem  in  aircraft  development  testing  is  the  extrapolation  to  full-scale 
Reynolds  number. 

Wind  tunnel  tests  are  used  to  develop  the  best  possible  geometry  and  to  predict  the  full-scale 
performance  of  this  geometry. 

There  are  two  different  Reynolds  number  problems  involved. 

1)  What  are  the  Re-effects  on  the  performance  of  a certain  fixed  geometry? 

2)  What  are  the  Re  effects  on  the  opt imizntion  of  the  geometry? 

2-D  tests  can  probably  contribute  to  the-  answer  of  both  these  questions.  Fundamental  studies  of 
Reynolds  number  effects  on  boundary  layer  growt'i,  boundary  layer  interaction  and  separation 
phenomena  are  well  suited  for  2-D  testing. 

Another  example  is  the  Re-effects  on  optimization  trends  for  som  important  geometrical  parameters. 
How  are  optimum  slat  gaps,  flap  gups  and  flap  angles  affected  by  Reynolds  number?  Ihis  is  a case 
where  2-D  results  could  be  quite  useful  for  the  extrapolation  of  3-cUmensional  geometrios. 


i 
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7.  CONCLUSIONS 

7*  1 VlflCOUB  flow  over  an  optimized  configuration 

Boundary  layer  measurements  have  shown  that  the  best  2-D  geometry  corresponds  to  a flow  (close  to 
the  stall)  where  there  is  only  marginal  interaction  between  all  the  different  viscous  layers  involved. 
The  amount  of  interaction  that  can  be  accepted  depends  on  the  relative  size  of  the  viscous  layers. 

7.2  Leading  edge  parameters 

The  two  dominating  parameters  are  slat  gap  and  slat  angle.  The  optimum  slat  gap  has  been  found  to  in- 
crease rapidly  with  decreasing  slat  angle.  It  also  increases  slowly  with  increasing  trailing  edge  flap 
angle.  The  angle  of  an  optimum  slat  gap  - slat  angle  combination  increases  slowly  with  increasing 
over-all  level. 

7.3  Trailing  edge  parameters 

The  optimum  trailing  edge  flap  gap  is  a function  of: 

e The  size  of  the  viscous  layer  inmediately  ahead  of  the  gap 
e The  boundary  layer  thickness  on  the  nearest  airfoil  element 
e The  remaining  distance  to  the  trailing  edge  of  the  configuration 

This  results  in  flap  gaps  that  are  larger  for  the  forward  flap  element  and  smaller  closer  to  the 
trailing  edge. 

The  optimum  gaps  should  generally  increase  with  increasing  C^-level. 

7.4  2-D  optimization  net  hods 

The  results  for  slat  and  flap  variations  have  shown  the  importance  of  interaction  between  leading  and 
trailing  edge  devices.  The  leading  edge  has  significant.  effects  on  the  viscous  flow  over  the  flap  and 
therefore  changes  the  conditions  for  the  flap  optimization.  The  trailing  edge  effect  on  the  leading 
edge  is  primarily  inviscous. 

An  efficient  optimization  program  should  therefore  start  with  slat  optimization  for  a fixed  trailing 
edge  with  a flap  angle  in  the  vicinity  of  the  expected  final  geometry.  The  trailing  edge  should  then 
be  optimized  with  the  best  leading  edge  slat.  The  slat  position  must  now  be  varied  to  check  whether 
the  first  slat  optimization  is  still  valid.  If  it  is  not  and  the  new  slat  position  is  significantly 
different,  it  will  be  necessary  to  optimize  the  trailing  edge  once  again. 


REFERENCES 


1. 

Morris 
Hanke 
Pas ley 
Rohling 

The  influence  of  wing  loading  on  turbofan  powered  STOL  transports  with 
and  without  externally  blown  flaps 

NASA  CR  2320  (Nov  73) 

2. 

Cross,  E.J. 

STOL  Aircraft  Technology 
VKI  Short  Course  (Sept  73) 

3. 

LJungstrom,  B.L.G. 

Boundary  layer  studies  on  a two-dimensional  hif£i  lift  wing 
FFA  Report  AU-8&2  (Oct  72) 

4. 

Maskell,  E.C. 

A theory  of  the  blockage  effects  on  bluff  bodies  md  stalled  wings  in  a 
closed  wind  tunnel 

A T.C  RAM  3400  ( 1965) 

5. 

Giesing,  J.P. 

Solutions  of  the  flow  field  about  one  or  more  airfoils  of  arbitrary  shape 
in  uniform  or  non  uniform  flows  by  the  Douglas-Neuniann  method 
Douglas  Aircr.  Co.  Report  LB  31946  (Dec  196s) 

6. 

Stevens 

Goradia 

Braden 

Mathematical  model  for  two  dimensional  mutr-component  airfoils  in 

viscous  flow 

NASA  cr-1843  ( 1971) 

7. 

LJungstrom,  B.L.G. 

Wind  tunnel  high  lift  optimization  of  a multiple  element  airfoil 
FFA  Report  AU-778 

8. 

Foster 

Irwin 

Williams 

The  twodimensional  flow  around  a slotted  flap 
R A M 3681  ( 1971) 

9. 

LJungstrom,  B.L.G. 

2-D  Wind  tunnel  experiments  with  double  and  triple  slotted  flaps 
FFA  Technical  Note  AU-993  (Nov  73) 

10. 

Weibust,  E. 

Berakning  av  tryckfdrdelning  pA  2-D  hoglyftanordning  i anliggande  viskos 

stroiming 

FFA  1973 

THE  AERODYNAMICS  OF  TWO-DIMENSIONAL  AIRFOILS  WITH  SPOILERS 


14- 


by 

# + 4. 

6.V.  Parkinson  , G.P.  Brown  , T.  Jandall 
The  University  of  British  Columbia 


SUMMARY 

Three  Incompressible  potential  flow  methods  have  been  developed  for  two- 
dimensional  airfoils  with  upper  surface  spoilers.  A linearized  free- 
streamline  theory  Is  used  to  predict  the  steady  and  transient  lift  on  thin, 
single-element  airfoils  of  arbitrary  Incidence,  camber,  and  thickness,  with 
spoilers  of  arbitrary  position,  height,  and  Inclination.  Two  theories  for 
pressure  distribution  on  thick  airfoils  have  been  developed.  The  first,  a 
conformal  transformation  theory  related  to  Theodorsen's  method,  and  to 
Parkinson's  wake  source  model  for  bluff  bodies,  applies  to  general  single- 
element airfoils  with  normal  spoilers.  The  second,  adapting  the  wake 
source  model  to  Smith's  surface  source  method,  applies  also  to  general 
multi -element  airfoils  with  Inclined  spoilers.  Wind  tunnel  measurements 
of  steady  and  transient  lift  and  pressure  distribution  have  been  made, 
using  two  different  airfoil  profiles  with  several  different  spoiler  sizes, 
positions,  and  Inclinations,  and  good  agreement  has  been  found  with  the 
theoretical  predictions. 


NOTATION 

c airfoil  chord 

b spoiler  position 

h spoiler  height 

6 spoiler  angle 

l length  of  airfoil  + cavity 

a airfoil  Incidence 

c^q  airfoil  zero  lift  angle 

n flap  angle 

U free  stream  velocity 

p air  density 

p air  pressure 

p^  free  stream  pressure 

P " Pod 

C * y , pressure  coefficient 

p p/2  U* 

Cp  base  pressure  coefficient 

L,D  lift,  drag 

C,  * — ^-3-  , lift  Coefficient 
L • p/2  U*c 

Cn  * — , drag  coefficient 
u p/2  U‘c 


z » x ♦ 1y,  complex  airfoil  plane 

f(z,t)  ■ $ + Itp,  complex  acceleration  potential 

4>,  i|>  acceleration  potential  and  stream  function 

•x  " U “ ly ■ x*comP°nent  of  acceleration 

ay  * , y-component  of  acceleration 

v y-component  of  velocity 
C complex  transform  plane 
W(s)  transient  lift  decrement  function 
s airfoil  distance  travelled  In  chords 
s effective  response  time  (Figure  3) 
zpi  ii*l-6 , complex  planes 

z'2  pseudo-circle  complex  plane 

r airfoil  circulation 
Qy,  Ql  discrete  source  strengths 

6y,  6^  discrete  source  angular  positions 

f(z)  complex  velocity  potential 

w(z)  ■ , complex  velocity 
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1.  INTRODUCTION 


Wing  upper  surface  spoilers  are  of  great  value  as  control  devices  for  STOL  and  VTOL  aircraft. 

Deployed  symmetrically , they  reduce  aircraft  lift  and  increase  dr0g.  Deployed  asymmetrically,  they  pro- 
vide roll  control.  Nevertheless,  there  has  been  a lack  of  general  information  on  their  aerodynamic 
characteristics.  Experiments  have  mostly  been  ad  hoc  wind  tunnel  tests  on  configurations  for  particular 
aircraft,  and  the  on1"  e/isting  significant  theory  was  that  of  Woods1,  a linearized  two-dimensional  steady 
potential  flow  theory.  Subsequently  Earnes*  devised  empirical  modifications  to  Woods'  theory  for  the  case 
of  normal  spoilers.  Me  theory  w the  transient  loading  followina  sooiler  actuation,  although 

such  a theory  woulc  be  particularly  useful  in  giving  designers  estimates  of  response  times.  For  the  past 
six  years  there  has  been  a research  program,  in  the  mechanical  engineering  department  at  The  University 
of  British  Columbia,  on  the  incompressible  aerodynamics  of  two-dimensional  airfoils  with  spoilers.  So  far 
in  this  program,  three  new  theoretical  potential  flow  methods  have  been  developed  for  the  prediction  of 
aerodynamic  characteristics , and  suitable  wind  tunnel  experiments  have  been  conducted  to  correlate  with 
the  theoretical  predictions. 


2.  THIN  AIRFOIL  THEORY 

Linearized  theories  have  usually  been  successful  in  the  prediction  of  lift  and  moment  on  airfoils, 
and  a new  linearized  theory  nas  been  developed  for  this  purpose,  applicable  to  thin,  single-element  air- 
foils of  arbitrary  incidence,  camber,  and  thickness,  with  a spoiler  of  arbitrary  position,  height,  and 
inclination.  Calculations  can  be  made  both  for  the  steady  state,  with  spoiler  erect,  and  for  the  trans- 
ient loading  following  spoiler  actuation.  The  spoiler  tase  pressure  cannot  be  predicted  theoretically  by 
any  method  yet  available,  and  its  empirical  value  is  required  in  the  steady-state  theory.  Free  stream 
pressure  is  assumed  for  the  spoiler  wake  in  the  transient  theory.  The  analytical  method  is  summarized 
below.  Complete  details  can  be  found  ,n  a recent  paper' 

2.1  Analytical  method 

An  airfoil  of  chord  c is  at  angle  of  attack  1 t a uniform  incident  flow.  An  upper  surface  spoiler 
of  height  h and  inclination  • to  the  surface  is  at  distance  t ‘rom  the  airfoil  leading  edge.  The  flow 
separates  on  the  bottom  at  the  airfoil  trailirc  edge,  anc  or.  the  top  at  the  spoiler  t p,  forming  a wake 
which  is  modelled  here  as  a finite  constant  pm.  ure  cavity,  so  that  the  airfcil  p1  us  cavity  has  total 
length  C.  The  theory  gives  a relationship  bctw<er  . arc  the  empirically-given  cavity  pressure,  and  ; 
becomes  infinite  tor  free- stream'  cavity  (ressc.  . 

In  the  linearizec  physical  z-plane  rep- * >t  nfinu  the  airfoil,  cavity,  and  surrounding  flow  field,  the 
wetted  airfoil  surface  anc  the  cavity  bouncia’ v become  the  edges  of  a slit  of  length  along  the  positive 
real  axis.  A sequence  of  simple  conformal  transformations  maps  the  fielc  outside  the  slit  onto  the  upper 
half  '-plane  exterior  to  the  unit  semi-curie.  The  ser-i-circle  represents  the  airfoil  wetted  surface  from 
upper  surface  spoiler  tip  to  lower  surface  trailing  edge,  and  the  positive  and  negative  branches  of  the 
real  axis  exterior  to  the  semi-circlr  represent  the  upper  and  lower  cavity  boundaries. 

The  flow  field  model  follows  Biotu  in  using  the  complex  acceleration  potential 


f(z.t)  = 


- a - i a 

X y 


as  the  basic  flow  function  for  steacy  and  unsteady  airfoil  problems,  and  Parkin'  in  adapting  the  method  to 
foil-cavity  problems.  In  the  above,  a and  ay  are  the  cartesian  fluic  acceleration  components.  The  real 
part  of  f(z,t)  is  related  to  pressure  coefficient  Cp,  referred  to  free-stream  pressure,  by 


where  C is  the  constant  cavity  pressure  coefficient,  and  the  imacinary  part  is  simply  related  to  the 
pb 

y-components  of  fluid  acceleration  and  velocity  av  and  v,  for  unsteady  flow,  while  for  steady  flow,  the 
relation  becomes 


With  thesp  relations,  the  boundary  conditions  of  the  problem  can  be  simply  expressed  in  terms  of  r 
or  v,  so  tnat  analytic  functions  f(z,t)  can  be  sought  to  meet  the  conditions. 

2 u. 1 Steady  state  theory 

The  flow,  uniforr  at  infinity,  passes  over  the  stationary  airfoil,  with  spoiler  erect,  and  its  fixed 
trailing  cavity.  The  boundary  conditions  at  tne  oirfp;  ’-t  «»•  t syster.  are  tangent  flow  on  the  airfoil 
wetted  surface,  constant  pressure  on  the  cavity  bounr.ai  , , a utta  conditions  at  the  spoiler  tip  and 
airfoil  trailing  edge.  In  addition,  a requirement  cf  zero  draq  cn  the  fetal  system  gives  a relation 
linking  and  C . 


The  analytic  function'  r.eeti  ig  these  conditions  are  fourd  in  the  ■-plane,  ,vith  complex  acceleration 
potentials  matched  at  corresponding  points  in  the  and  z-plunes.  1 ">_t  the  flow  functions  are 

linearized,  and  all  airfoil-cavity  boundary  conditions  are  satisfied  the  slit  real  axis  between  z=0 
and  .,  different  georetric  charac :eristics  cT  the  a 1 r ‘ c i 1 can  be  treated  separately,  and  the  results 
superimposed.  In  tris  way,  simple  closed  form  solutions  as  fun  ‘ions  of  . are  found  for  the  effects  of 
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the  airfoil  angle  of  attack  a and  of  the  spoiler,  (A  similar  solution  to  that  for  the  spoiler  gives  the 
additional  effect  of  a simple  trailing-edge  flap.) 


For  the  general  thin  airfoil,  with  arbitrary  chordwise  distribution  *f  camber  and  thickness,  the 
solutions  for  these  effects  are  found  as  infinite  series  in  inverse  powers  of  Unlike  the  theory  for 
thin  airfoils  without  separation,  the  present  theory  piedicts  an  effect  of  the  airfoil  thirkness  distribu' 
tion  on  lift  and  moment,  because  the  asymmetric  separation  of  the  flow  from  the  spoiler  tip  on  the  upper 
surface  and  airfoil  trailing  edge  on  the  lower  surface  makes  the  thickness  distribution  effectively 
asymmetric  also. 


The  complete  Comdex  acceleration  potential  f < z ) is  then  the  sum  of  the  potentials  giving  the  effects 
of  angle  of  attack,  spoiler  (and  flap),  camber,  and  thickness,  and  the  airfoil  lift  coefficient  Cl  Is 
obtained  using  the  Blasius  equation  in  the  form 


C 


D 


f(z)  dz 


(2.1) 


2.3  Transient  theory 


The  flow  is  again  uniform  at  infinity,  and  the  airfoil  is  stationary, 
with  a consequent  effect  on  the  cavity.  To  avoid  the  complications  of  C 

pb 

is  assumed  that  C s 0,  so  that  i * «.  There  is  now  an  additional  normal 
pb 

on  the  spoiler,  but  the  condition  linking  Cp  and  i is  no  longer  needed. 


but  the  spoiler  is  in  motion, 
and  l varying  with  time,  it; 

acceleration  boundary  condition 


The  problem  of  interest  is  the  loading  arising  from  constant-rate  erection  of  the  spoiler.  As  in 
earlier  work  on  transient  airfoil  aerodynamics  (see,  for  example,  Bisplinghoff , Ashley,  and  Halfman1),  it 
is  convenient  to  solve  two  other  problems  before  this  one.  First  the  small -amplitude  harmonic  oscillation 
of  the  spoiler  about  a mean  angle  is  considered.  Then  the  problem  of  unit-step  actuation  of  the  spoiler 
is  solved  by  an  integral  transform  of  the  harmonic  oscillation  solution.  The  boundary  conditions  apply  to 
the  geometry  corresponding  to  the  spoiler  problem  of  the  steady-state  theory.  Only  this  geometry  is 
needed  for  the  time-dependent  problems.  Thi  complete  airfoil  loading  is  obtained  by  adding  the  steady- 
state  solutions  (for  the  case  C = 0)  for  the  effects  of  angle  of  attack,  camber,  thickness,  (and  flap) 

pb 

to  the  time-dependent  spoiler  solution. 

For  the  oscillating-spoiler  problem,  chordwise  integration  of  ‘•he  acceleration  boundary  condition 
gives  an  expression  for  ty  on  the  airfoil  and  spoiler,  and  a complex  potential  Is  found  as  a function  of  g 
by  methods  like  those  of  the  steady-state  thaory.  Constants  of  the  spatial  integration  (which  are  har- 
monic function  of  time)  are  found  using  the  tangent  flow  boundary  condition.  With  the  complex  potential 
known,  the  lift  coefficient  can  be  found  using  Equation  (2.1). 

The  ccrresnonding  lift  coefficient  for  the  unit-step  problem  can  now  be  found  by  an  integral  trans- 
form of  the  oscillating-spoiler  lift  coefficient,  and  finally  the  lift  coefficient  for  constant-rate 
spoJ  er  actuation  is  obtained  by  a superposition  of  unit-step  solutions,  in  which  it  is  assumed  that  the 
spoiler  is  erected  to  angle  5 in  a finite  sequence  of  incremental  angular  steps. 


2.4  Comparisons  with  experimental  results 

Predictions  of  the  steady-state  lift  were  compared  with  the  results  of  wind  tunnel  experiments  on  a 
14%  thick  Clark  Y airfoil  of  14  in.  chord  c which  could  be  fitted  at  several  chordwise  positions  b/c  with 
fixed  spoilers  of  different  heights  h/c  and  inclinations  6.  The  airfoil  was  mounted  vertically  on  a 
force  balance,  and  conditions  were  made  as  two-dimensional  as  possible.  The  test  Reynolds  number  was 
4(10) 5.  Figure  1 shows  a typical  comparison,  where  the  theory  is  seen  to  predict  accurately  the  varia- 
tion of  Cl  with  a.  The  nonlinear  increase  of  experimental  Cl  at  high  a Is  caused  by  the  growth  of  the 
separation  bubble  at  the  upstream  spoiler  base.  The  transient  lift  solution  is  presented  in  terms  of  the 
function  W(s),  the  ratio  of  the  lift  decrement  after  s chords  travel  of  the  wing,  following  spoiler  actua 
tion,  to  the  steady-state  lift  decrement.  To  determine  this  function  experimentally,  another  14%  thick 
Clark  Y airfoil  of  14  in.  chord  was  built  of  steel  with  a mid-span  section  containing  24  surface  pressure 
taps,  each  of  which  could  be  connected  In  turn  to  a cavity  containing  a condenser  microphone.  A spoiler 
(h/c  * .084  at  { * 90°,  b/c  = .70)  could  be  actuated  by  a motor  at  different  constant  rates  to  any  angle 
6 up  to  90°. 


For  a given  combination  of  a,  6,  wind  speed,  and  spoiler  actuation  rate,  the  spoiler  was  actuated 
repeatedly  with  each  pressure  tap  connected  In  turn  to  the  microphone  cavity.  Each  transient  pressure 
trace  was  obtained  as  a photograph  of  the  microphone  output  on  an  oscilloscope  screen.  The  instantaneous 
pressure  distribution  for  the  airfoil  at  any  time  after  the  actuation  was  determined  from  the  ordinate 
of  the  trace  at  that  time,  and  the  area  of  pressure  distribution  was  measured  to  determine  the  instan- 
taneous lift.  Figure  2 shows  a comparison  of  theoretical  and  experimental  variation  of  W(s)  for  three 
different  values  of  spol’er  erection  time,  expressed  in  airfoil  chords  travelled.  The  agreement  is  good 
qualitatively,  and  fa1r  quantitatively.  The  experimental  values  start  to  rise  more  slowly  than  the 
theoretical  and  then  rise  mere  rapidly  towards  the  steady  state.  The  differences  may  be  partly  due  to 
the  acceleration  characteristics  of  the  actuating  motor,  which  have  not  been  investigated,  and  partly  due 
to  small  difference  in  the  meaning  of  W(s)  for  the  theoretical  and  experimental  results,  arising  from  the 
method  of  super-position  used  In  the  theoretical  linearized  solution.  Figure  2 is  difficult  to  interpret 
quantitatively,  and  Figure  3 .lives  a dlfferenc  presentation  of  7 experimental  transient  cases  In  compari- 
son with  the  theoretical  model.  Here  an  effective  response  time  s,  defined  In  the  figure.  Is  given  as  a 
function  of  spoiler  erection  tin.?.  In  the  experiments,  the  wind  speed,  a,  6,  and  the  actuation  rate  were 
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varied.  Agreement  with  the  theory  Is  seen  to  be  quite  good. 


FIGURE  1.  STEADY-STATE  LIFT  VS  INCIDENCE  BY  THIN  AIRFOIL  THEORY. 
SPOILER  ERECTION  DISTANCE  (chords)  5 l( 


THEORY 


8 10  12  14 

ERECTION  DISTANCE  (chords) 


4 6 

SPOILER 

FIGURE  3.  EFFECTIVE  RESPONSE  TIME  FOR  SPOILER  ACTUATION. 


3.  ANALYTICAL  THIC!  AIRFOIL  THEORY 


When  an  accurate  airfoil  pressure  distribution  Is  required,  linearized  theory  Is  Inadequate,  and  a 
thick  airfoil  potential  flow  theory  Is  needed,  often  In  combination  with  boundary  layer  theory.  The 
simplest  mathematically-generated  thick  airfoil  shape  for  which  angle  of  attack,  camber,  and  thickness 
can  be  varied  Is  the  Joukowsky  airfoil,  so  a useful  first  step  In  developing  a theory  for  thick  airfoils 
with  spoilers  was  to  work  with  the  Joukowsky  profile. 


3.1  Theory  for  Joukowsky  airfoils  with  normal  spoilers 


A circle  In  the  Z2*plane,  passing  through  z?  * 1 and  with  centre  In  the  secono  quadrant  Is  mapped 
onto  a cambered  thick  airfoil  profile  with  trailing  edge  at  zj  * 2 by  the  Joukowsky  transformation 


1 


(3.1) 


If  a radial  fence  Is  added  to  the  circle  In  the  first  quadrant,  it  will  appear  cn  the  airfoil  as  a normal 
spoiler,  very  slightly  convex  forward,  as  an  actual  spoiler  would  be.  The  circle  with  radial  fence  is 
now  translated,  rotated,  and  contracted  so  that  it  becomes  a unit  circle  centred  at  the  origin  of  the 
Z3*plane,  with  the  fence  lying  along  the  positive  real  axis.  A further  application  of  the  Joukowsky 
transformation 


1 


Z<  = Z3  + ij 


(3.2) 


then  maps  the  circle  with  fence  onto  a slit  along  the  real  axis  in  the  Z4-plane,  and  this  slit  Is  now 
centred  and  contracted  to  4 units  length  In  the  zs-plane,  whereupon  a final  use  of  the  Joukowsky  trans- 
formation 


1 


z5  = z6  + z6 


(3.3) 


producus  a unit  circle  without  fence  in  the  Zg-plane. 


The  flow  model  Is  created  In  the  Z5*plane  using  Jandali's  adaptation  of  Parkinson's  wake  source 
model7.  The  combination  of  uniform  flow  with  a doublet  and  a vortex  at  the  origin  gives  unseparated  flow 
with  circulation  past  the  circular  cylinder,  and  this  would  solve  the  flow  problem  for  the  basic 
Joukowsky  airfoil  without  spoiler,  if  the  circulation  r was  cho«en  to  satisfy  the  usual  tralllng-edge 
Kutta  condition.  To  simulate  the  additional  effect  of  the  broad  wake  of  the  spoiler.  In  the  Z6*plane 
double  sources  of  strengths  2Qu,  2Qj_  are  added  on  that  part  of  the  cylinder  surface  corresponding  to  the 
spoiler  and  airfoil  surface  exposed  to  the  wake,  and  the  surface  tangent-flow  boundary  condition  Is 
satisfied  by  adding  a sink  of  strength  (Qu  + Qj_)  at  the  origin.  These  surface  sources  cause  two  addi- 
tional stagnation  points  to  appear  on  the  cylinder  surf see,  and  they  arc  mad°  to  occur  at  the  points 
corresponding  to  the  spoiler  tip  and  airfoil  trailing  edge  Jr.  Liie  zi-plane. 


These  two  points  are  critical  points  of  the  overall  conformal  transformation  between  the  zi-  and 
zs-planes,  and  angles  there  In  the  zg-plane  are  doubled  in  the  Z]-plane,  so  that  the  stagnation  stream- 
lines In  zg  become  smooth  separation  streamlines  at  the  spoiler  tip  and  airfoil  trailing  edge  In  Z].  The 
above  uses  up  2 of  the  5 undetermined  parameters  T,  Qy,  QL,  and  the  angular  positions  of  the  sources,  dy 
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and  6|_.  Two  more  are  determined  by  specifying  that  the  flow  separates  at  both  points  at  the  empirically- 
given  base  pressure  coefficient  C . The  flow  field  In  the  'wake'  region  generated  by  the  mathematical 

pb 

model  Is  Ignored,  and  the  loading  on  the  airfoil  surface  exposed  to  the  wake  Is  assumed  to  be  constant, 
with  coefficient  C . The  lift  coefficient  C.  for  the  airfoil  Is  given  by  an  Integration  of  the  pressure 


coefficient  Cp  over  the  airfoil  surface,  and  the  Cl  - a curve  obtained  In  this  way  Is  used  to  determine 
the  remaining  parameter  (taken  to  be  the  angular  position  iL  of  the  lower  source)  by  requiring  this  curve 
to  have  the  zero  lift  angle  04.0  predicted  by  the  linearized  theory  of  §2.  In  this  way,  the  only  empirical 
data  needed  In  the  theory  Is  the  value  of  Cpb  for  a given  airfoil  configuration. 


With  the  flow  field  determined  In  Z6.  the  flow  In  the  physical  zi-plane  is  found  by  matching  complex 
velocity  potential  F ( z ) at  corresponding  points  In  the  two  planes,  and  complex  velocity  w(z)  In  the  air- 
foil plane  Is  therefore  given  by 


wfz,) 


dF  . dF  dz6 
dzl  dz6  ^ 


dVdz6 


(3.4) 


where  (dzi/dzg)  Is  the  overall  transformation  derivative.  The  pressure  coefficient  Cp  Is  given,  using 
Bernoulli  s equation,  by 


"(zi) 


(3.5) 


where  U Is  the  free-stream  velocity. 

The  above  Is  called  the  2-source  theory.  A simpler  version  eliminates  the  lower  source  Qi  at  6l»  and 
drops  the  requirement  that  separation  from  the  airfoil  trailing  edge  must  be  at  C , thus  creating  a 
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pressure  discontinuity  at  the  trailing  edge,  but  removing  the  need  for  matching  <slo-  This  Is  called  the 
1-source  theory.  An  earlier  version  of  these  two  theories  has  been  published*. 


3.2  Theory  for  general  single-element  airfoils  with  normal  spoilers 

Since  Theodorsen's  theory*  for  unseparated  flow  past  a thick  airfoil  of  arbitrary  profile  In  the 
zj-plane  Is  based  on  the  Joukowsky  transformation 

‘1  ■ *2  * 4 (3-6) 

the  present  theory  can  easily  be  adapted  to  the  same  airfoil  with  a normal  spoiler.  In  the  Theodorsen 
theory,  since  the  airfoil  Is  not  a Joukowsky  profile,  the  transform  contour  In  zi  Is  not  a circle. 
However,  since  the  given  profile  has  coordinates  not  greatly  different  from  those  of  some  Joukowsky  air- 
foil, the  transform  contour  has  coordinates  not  greatly  different  from  those  of  a circle. 

Accordingly,  Thcoacrsen  develops  an  analytic  function  to  map  the  pseudo-circle  In  zg  onto  a true 
circle  In  Z2-  The  present  theory  merely  adds  a radial  fence  to  the  true  circle  in  Z2,  as  In  53.1,  and 
the  airfoil  In  zi  correspondingly  acquires  a normal  spoiler.  The  transformations  for  Z2  to  Zg,  where  the 
contour  becomes  a circle  without  fence,  and  the  flow  modelling,  are  unchanged  from  53.1.  Again,  either 
the  2-source  or  the  1-source  theory  can  be  used. 

If,  as  is  usual,  the  profile  has  a finite  tralllng-edge  angle,  this  must  be  artificially  altered  to 
a cusp  In  order  to  produce  the  smooth  separation  condition  at  the  trailing  edge.  Only  the  upper  surface 
Is  altered  to  create  the  cusp,  and  this  Is  exposed  to  the  wake,  so  the  airfoil  properties  that  affect  the 
flow  are  not  changed.  A more  complete  account  of  this  theory  Is  given  In  Jandall's  doctoral  thesis10. 


3.3  Comparisons  with  experimental  results 

To  test  the  theory,  first  a Joukowsky  airfoil  of  12  in.  chord,  11*  thickness,  and  2.4*  camber  was 
built  of  wood  with  a mid-span  section  containing  37  pressure  tap:.  Normal  spoilers  of  h/c  = .05  and  .10 
could  be  fitted  at  several  chordwlse  stations.  Pressure  distributions  were  measured  at  a Reynolds  number 
of  4.4(10) ’.  Figure  4 shows  a comparison  of  the  predictions  of  the  1-source  and  2-source  theories  with 
the  measured  distribution  of  Cp.  Agreement  is  seen  to  be  excellent,  except  for  the  obvious  constant 
pressure  separation  bubble  upstream  of  the  spoiler,  not  accounted  for  In  the  theory.  The  simpler  1-source 
theory  Is  seen  to  be  adequate  here,  even  though  It  produces  a pressure  discontinuity  at  the  trailing  edge. 

As  an  example  of  an  application  of  the  theory  to  an  airfoil  of  arbitrary  profile.  Figure  5 shows  a 
comparison  of  the  2-source  theory  and  experiment  for  the  14*  thick  Clark  Y airfoil.  The  measurements  were 
made  at  a Reynolds  number  of  5.3(10)s  on  the  steel  airfoil  used  In  the  transient  experiments,  with  the 
pressure  taps  now  connected  to  a multi  tube  manometer.  Agreement  Is  quite  good,  with  the  usual  exception 
of  the  separation  bubble  In  front  of  the  spoiler.  The  agreement  would  have  been  improved  If  the  theo- 
retical and  experimental  base  pressures  had  been  matched  exactly. 
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4.  NUMERICAL  THICK  AIRFOIL  THEORY 

The  above  analytical  thick  airfoil  theory  Is  applicable  only  to  single-element  airfoils  with  normal 
spoilers.  To  develop  a theory  for  multi-element  airfoils  with  Inclined  spoilers,  A.M.O.  Smith’s  surface 
source  distribution  method11  was  adapted  to  the  spoiler  problem. 

4.1  Theoretical  method 


The  basic  surface  source  method  of  Reference  11  is  well  known,  and  will  not  be  described  here.  In 
the  present  application,  the  discrete  wake  sources  of  §3  are  used  again,  and  now  become  onset  flows  for 
Smith’s  method,  directly  in  the  airfoil  plane.  (Smith's  method  can  be  combined  with  conformal  transfor- 
mations, but  this  has  not  been  done  In  the  present  theory.) 

Again,  both  1-source  and  2-source  theories  are  developed.  The  application  of  the  1-source  method  to  a 
single-element  airfoil  with  Inclined  spoiler  Is  considered  first.  Unlike  the  previous  analytical  method, 
Smith's  method  will  not  handle  a two-sided  surface,  or  slit,  so  the  spoiler  is  given  a large  circular-arc 
fillet  on  its  back  face,  where  it  doesn't  affect  the  airfoil  characteristics  that  determine  the  flow. 

Also,  it  will  be  recalled  that  in  Smith's  method  Kutta  conditions  are  satisfied  by  matching  tangential 
velocities  at  the  two  control  points  on  either  side  of  the  flow  detachment  point. 

Accordingly,  the  discrete  source  is  tentatively  located  on  the  surface  between  spoiler  tip  and  air- 
foil trailing  edge,  and  a solution  is  found  using  the  undetermined  circulation  and  discrete  source 
strength  to  satisfy  the  Kutta  condition  and  specified  C at  the  spoiler  tip.  The  trailing  edge  flow  is 
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then  examined  to  see  if  the  Kutta  condition  is  satisfied  there.  If  it  isn't,  the  discrete  source  is 
moved  to  a new  location,  and  the  process  is  repeated.  This  iterative  process  continues  until  the 
trailing-edge  Kutta  condition  is  satisfied. 

In  applying  the  2-source  method  to  the  same  airfoil,  it  would  not  be  easy  to  make  use  of  the  aLO 
criterion  of  53,  but  it  was  observed  with  the  analytical  method  that  the  2-source  results  approached  the 
1 -source  results  monotonically  as  the  second  source  approached  the  airfoil  trailing  edge,  when  its 
strength  vanished.  Therefore,  since  the  1-source  method  seems  to  give  generally  good  results  except  for 
the  trailing-edge  pressure  discontinuity,  the  numerical  2-source  method  arbitrarily  locates  the  second 
source  close  to  the  trailing  edge,  so  that  the  resulting  loading  is  close  to  the  1-source  loading,  but 
with  the  correct  Cp  at  the  trailing  edge  achieved  by  using  the  undetermined  strength  of  the  second 

source. 


Next,  the  application  of  the  2-source  method  to  an  airfoil  with  spoiler  and  slotted  flap  Is  con- 
sidered. For  this  configuration  the  spoiler  is  on  the  main  foil,  and  the  1-source  model  Is  unsatisfac- 
tory because  the  pressure  discontinuity  at  the  main  foil  trailing  edge  has  a large  influence  on  the  flap 
pressure  distribution.  The  method  proceeds  as  before,  with  the  addition  of  another  unknown,  the  flap  cir- 
culation, and  another  condition  to  determine  it,  the  Kutta  condition  at  the  flap  trailing  edge. 

In  this  method,  the  guidelines  given  in  Reference  11  for  choosing  the  number  of  distributed  source 
elements  and  grading  their  size  are  generally  satisfactory.  It  was  found  necessary  to  reduce  element 
size  on  the  underside  of  the  airfoil  in  the  region  opposite  the  discrete  sources  on  the  upper  surface. 

For  the  single-element  airfoil  110  elements  were  found  to  give  good  accuracy,  while  for  the  airfoil  with 
slotted  flap  100  elements  on  the  main  foil  and  80  on  the  flap  proved  satisfactory.  Computing  time  on  an 
I.B.M.  360/67  computer  for  either  1-source  or  2-source  models  was  about  1 minute  for  the  single-element 
airfoil  and  about  4 minutes  for  the  airfoil  with  slotted  flap.  In  each  case  the  time  Included  6 Itera- 
tions of  the  first  source  position,  as  described  above.  Complete  details  of  the  method  are  given  in 
Brown's  doctoral  thesis12. 

4.2  Results  of  theory 


For  single-element  airfoils  with  normal  spoilers,  the  numerical  method  of  §4.1  gives  nearly  Identi- 
cal results  to  those  of  the  analytical  method  of  §3.2,  except  that  the  numerical  method  does  not  give  a 
close  approach  to  the  stagnation  point  in  a concave  corner.  This  is  not  in  fact  undesirable,  since  the 
real  flow  has  a separation  bubble  there. 

Some  experiments  on  the  airfoil  used  for  the  transient  measurements  of  §2.4  were  carried  out 
recently  to  obtain  pressure  distributions  with  the  spoiler  inclined  at  different  fixed  angles,  so  that 
further  comparisons  could  be  made  with  predictions  of  the  numerical  theory,  but  the  calculations  had  not 
been  completed  at  the  time  of  writing.  No  experimental  data  is  available  to  test  the  accuracy  of  the 
slotted-flap  theory,  but  the  predicted  effect  of  the  spoiler  in  reducing  the  lift  is  shown  in  Figure  6 by 
a comparison  of  the  Cp-di strl buti on  with  spoiler  retracted  and  erect.  The  figure  shows  the  application 
of  the  2-source  method  to  an  NACA  23012  airfoil  at  a = 8°  with  slotted  flap  deflected  to  angle  n ■ 20°, 
and  with  a spoiler  of  h/c  » .10  at  b/c  = .60  both  retracted  and  erect  at  6 « 90°.  The  large  lift  reduc- 
tion on  the  main  foil  caused  by  the  spoiler  Is  evident,  as  is  the  smaller  Increase  in  lift  on  the  flap. 
(Such  an  Increase  is  also  observed  In  experiments,  although  no  experiments  on  this  profile  were  carried 
out  In  the  present  investigation.) 
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FIGURE  6.  PRESSURE  DISTRIBUTIONS  FOR  AIRFOIL  WITH  SLOTTED  FLAP  AND  SPOILER  RETRACTED  AND  ERECT. 


5.  DISCUSSION 


The  three  theories  described  In  the  preceding  sections  have  been  shown  to  give  good  estimates  of 
loadings  on  two-dimensional  airfoils  with  spoilers.  The  only  empirical  data  needed  for  their  use,  In 
addition  to  the  specification  of  the  airfoil  and  spoiler  geometry.  Is  the  value  of  base  pressure  coeffi- 
cient C.  for  each  configuration.  At  least  this  much  empirical  Information  Is  needed  for  any  useful 
pb 

potential  flow  theory  with  flow  separation. 


The  linearized  theory  gives  accurate  predictions  of  steady-state  lift  for  general  single-element 
airfoils  with  spoilers.  The  prediction  of  transient  lift  Is  also  seen  to  be  quite  good,  so  that  the 
assumption  of  free-stream  pressure  In  the  cavity  does  not  appear  to  have  Introduced  much  error.  Although 
this  has  not  yet  been  done,  the  linearized  theory  could  easily  be  extended  to  give  steady-state  and  trans- 
ient pitching  moment. 


The  analytical  and  numerical  thick-airfoil  theories  give  accurate  predictions  of  pressure  distribu- 
tion on  general  single-element  airfoils  with  normal  spoilers.  Th»re  Is  every  reason  to  expect  that  the 
numerical  theory  will  also  give  accurate  results  for  single-element  airfoils  with  Inclined  spoilers,  and 
for  multi-element  airfoils  with  normal  or  Inclined  spoilers.  For  single-element  airfoils,  the  1-source 
theory  may  be  adequate,  but  the  2-source  theory  Is  needed  for  multi -element  airfoils. 


In  the  above  theories,  the  flows  are  all  two-dimensional  and  the  spoilers  are  Impervious,  whereas 
actual  spoilers  are  of  finite  span  and  are  usually  vented  at  the  base.  Current  research  In  the  continuing 
program  at  the  University  of  British  Columbia  deals  with  the  experimentally  observed  effects  of  spoiler 
base  venting  and  finite  span.  Results  of  these  studies  will  clarify  the  role  of  the  two-dimensional 
theories,  but  It  Is  hoped  that  the  theories  will  already  be  useful  to  designers. 
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THE  EFFECT  OF  VORTEX  GENERATORS  ON  THE  DEVELOPMENT 
OF  A BOUNDARY  LAYER 
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Politecnico  di  Milano  - Istituto  di  ingegneria  aerospaziale 


SUMMARY 

Although  vortex  generators  are  widely  applied  on  wings  and  tailplanes,  to  prevent  boundary  layer  separation, 
we  are  not  able  to  predict  the  aerodynamic  characteristics  of  an  airfoil  in  the  presence  of  vortex  generators  with  the 
aid  of  recent  computer  techniques. 

Vortices  ate  introducing  mixing  and  additional  turbulence  into  the  boundary  layer  and  we  must  take  into 
account  both  effects 

For  the  understanding  of  these  effects,  we  carried  on  an  experimental  program  in  order  to  investigate  the 
turbulent  structure  of  the  vortex.  Our  most  significant  result  is  that  the  vorticity  profiles  are  very  similar  to  those 
characterizing  the  viscous  case,  although  the  vortex  was  turbulent.  From  this  result  and  other  theoretical  and 
experimental  observations,  we  build  up  a model  of  vortex-boundary  layer  interaction.  This  model  is  the  basis  of 
many  conclusions  about  the  application  of  vortex  generators  as  a means  of  boundary  layer  control. 

We  try  also  to  outline  the  remaining  open  questions  to  arrive  at  a reliable  method  of  calculation. 


Notation 


r vortex  radius 

t time 

V mainstream  velocity 
x distance  along  the  vortex  axis 

z vorticity 


angular  velocity 
kinematic  viscosity 
eddy  viscosity 
circulation 


1.  INTRODUCTION 

The  application  of  vortex  generators  as  means  of  boundary  layer  control  is  not  new  in  the  aeronautical 
technique. 

We  may  distinguish  two  main  applications:  one  in  the  low  speed  range  and  the  other  in  the  transonic  regime, 
to  prevent  shock  induced  separation.  A lot  of  research  was  carried  on  in  this  second  application  and  it  is  very  well 
summarized  by  Pearcey1 . But  we  are  now  interested  in  high  lift  conditions.  The  application  of  forced  mixing  to  a 
boundary  layer  was  investigated  and  described  by  many  Authors.  The  paper  of  Schubauer  and  Spangenberg2  gives 
an  idea  of  obtainable  results  and  a good  list  of  references.  In  the  low  speed  regime,  the  most  important  applications 
of  vortex  generators  are  those  which  try  to  improve  the  effectiveness  of  control  surfaces.  We  will  see  later  that 
vortex  generators  fit  very  well  to  this  application. 

The  problem  of  designing  a reliable  aircraft  for  low  speed  flight  is  not  only  the  one  of  obtaining  very  high  lift 
coefficients,  but  also  sufficient  control  moments.  We  must  notice  that,  as  we  decrease  the  flight  speed,  we  cannot 
decrease  in  the  same  ra»io  the  winds  and  the  atmospheric  turbulence.  Again,  we  cannot  restrict  the  planning  of 
future  V/STOL  airports  to  wide,  obstacle  free  areas.  We  may  therefore  expect  larger  turbulence  than  on  present 
airports.  This  shows  that  the  control  problems  are  very  important  for  a V/STOL  aircraft:  even  more  important 
than  in  a conventional  one. 

Of  course,  a VTOL  aircraft  has  some  powered  system  of  producing  control  momer's,  and  sometimes  also  a 
STOL  aircraft  has  similar  systems.  They  may  be  as  effective  as  desired,  depending  on  the  power  we  give  to  them. 
Compared  to  them,  vortex  generators  are  not  very  effective,  but  they  are  simple  and  safe  in  the  case  of  an  engine 
failure. 


With  the  use  of  vortex  generators,  we  may  avoid  boundary  layer  separation,  but  for  this  purpose  we  shall  fiist 
know  where  separation  will  take  place.  And  for  being  able  to  take  the  maximum  advantage  from  their  presence,  by 
a proper  aircraft  design,  we  must  be  able  to  calculate  the  influence  of  vortices  on  a boundary  layer.  We  are  going  to 
present  the  first  results  of  a research  carried  on  for  this  aim. 
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2.  VISCOUS  AND  TURBULENT  VORTICES 

Let  us  consider  a straight  line  vortex  after  its  formation.  At  the  initial  time  it  is  a singular  line  in  the  field  of 
motion,  but  it  grows  with  time.  Vorticitv  is  spread  in  space  by  viscous  stresses.  An  incompressible  solution  of  the 
Navier  Stokes  equations,  axisymmetric  by  assumption,  is  given  by  the  following  equation. 


z = — e 
8rri>t 

In  it  z is  the  vorticity,  T the  vortex  strength  or  circulation,  v the  kinematic  viscosity  and  r the  radius.  This  is 
a viscous  vortex,  because  of  the  simplifications  introduced  in  integrating  the  rquations  of  motion.  But  we  know 
f.om  observations  that  also  turbulent  vortices  exist.  A turbulent  vortex  is  often  a quite  complicated  phenomenon. 

It  consists  in  a non  turbulent  core,  which  moves  almost  alike  a solid  body  and  is  surrounded  by  fluid  in  turbulent 
motion.  Its  exact  mathematical  description  is  not  easy  and  we  will  later  simplify  this  model 

But  we  are  not  even  in  the  presence  of  an  infinite,  one  dimensional  vortex.  We  are  in  the  presence  of  a vortex 
sheet  originating  from  the  trailing  edge  of  a thin  wing.  The  first  assumption  is  that  we  consider  only  the  tip  vortex, 
made  by  the  rolling  up  of  this  sheet. 

Wherever  the  vortex  is  surrounded  by  potential  Mow.  its  strength  T remains  constant,  although  its  angular 
momentum  may  change.  Vorticity  is  spread  in  the  direction  normal  to  the  axis,  while  a vortex  element  is  trans- 
ported in  the  mainstream  direction.  The  second  assumption  is  that  the  diffusion  in  the  normal  direction  is  not 
affected  by  the  transport  motion.  This  is  true  when  the  vortex  growth  in  the  normal  direction  is  not  large.  Looking 
either  to  the  orders  of  magnitude  of  tip  vortices  or  to  the  experimental  results,  this  condition  is  very  well  verified. 
Both  assumptions  allow  us  to  use  the  results  obtained  for  the  one-dimensional  vortex  of  Equation  ( 1 ) to  the  case 
of  a trailing  vortex. 


3.  THE  INTERACTION  MODEL 


vortex  generator  comes  out  of  the  boundary  layer.  There  is  a first  part  of 
the  vortex  which  does  not  merge  into  the  boundary  layer  and  is  surrounded 
by  potential  flow.  To  this  part  we  can  apply  the  former  considerations. 
This  is  true  if  the  vortices  of  the  row  do  not  interact  among  themselves. 
When  an  interaction  (with  the  boundary  layer  or  with  another  vortex) 
takes  place,  the  circulation  is  reduced.  This  means  that  also  the  effective- 
ness in  mixing  is  reduced.  This  first  part,  which  we  call  the  non-interacting 
part,  is  the  most  useful  for  the  boundary  layer  control. 

Knowing  the  size  of  the  generator,  its  angle  of  attack  and  the  boundary  layer  properties  upstream  the  row.  we 
are  able  to  calculate  the  circulation.  W'e  may  assume  a horseshoe  vortex.  For  calculating  the  correct  induced  angle 
of  attack,  we  may  subtract  the  displacement  thickness  from  the  generator  height 

Where  the  circulation  is  constant,  and  knowing  its  initial  value,  we  may  calculate  the  path  of  the  vortex  center- 
line  and  the  induced  velocity  elsewhere.  This  is  true  until  the  starting  of  an  interaction.  We  may  also  notice  that 
an  interaction  among  vortices  is  a waste  of  circulation,  so  that  the  first  design  criterion  is  to  obtain  that  the  vortices 
interact  first  with  the  inner,  strongly  retarded  part  of  the  boundary  layer. 

In  order  to  know  where  interaction  takes  place,  we  have  studied  the  vortex  growth.  Before  describing  such  a 
study,  two  more  important  things  have  to  be  emphasized.  The  first  is  the  injection  of  turbulence  into  the  boundary 
layer.  This  is  favourable,  although  the  amount  of  turbulent  energy  introduced  is  not  very  large.  WV  must  consider 
that  the  initial  vortex  energy  is  equal  to  the  energy  dissipated  by  the  induced  drag.  Part  of  this  energy  is  then 
dissipated  into  heat  by  viscosity  during  the  vortex  growth. 

The  second,  unfavourable  effect  is  the  injection  into  the  outer  part  of  the  boundary  layer  of  the  vortex  core, 
which  has  low  transport  energy. 

If  we  cannot  avoid  separation,  another  favourable  effect  of  vortices  is  the  ventilation  of  the  separated  wake, 
with  a certain  recovery  of  lift. 

4 EXPERIMENTS  ON  VORTICES 

Angular  velocity  was  measured  in  the  vortices  by  means  of  a small  windmill.  (Two  windmills  of  different 
diameter,  1 1 and  7 mm,  were  used  to  check  if  the  results  were  the  same,  to  avoid  instrument  size  effects.) 
Measurements  were  taken  in  the  non  interacting  part  of  the  vortex,  but  being  careful  not  to  approach  too  much 


Let  us  suppose  that  the  tip  of  the 


Fig.  I Interaction 
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the  generator,  in  order  to  have  vortex  diameters  large  nough,  compared  to  the  windmill  size.  A row  of  counter- 
rotating generators  (48  mm  height)  was  fixed  either  u a flat  plate3  or  to  a flapped  body  sketched  in  the  figure. 
Both  flat  plate  and  body  were  placed  in  our  wind  tunnel  and  tested  at  a wind  velocity  of  about  30  m/s. 


c 


Although  bursting  of  vortices  was  never  observed  in  the  non- 
interacting part,  it  does  not  mean  that  bursting  does  not  occur. 


Fig. 2 Flapped  body 


Minimum,  average  and  maximum  of  about  30  (from  20  to  60 
according  to  the  test)  angular  velocity  measurements  for  each  point 
is  plotted  in  the  figure  in  dimensionless  form  (Fig. 3).  Data  are 
plotted  in  dimensionless  form  by  dividing  angular  velocity  by  its  maximum,  setting  the  axis  in  the  center  of  the 
points  as  mean  vortex  radius,  and  dividing  radii  by  one  half  of  this  radius.  This  procedure  was  repeated  for  the 
minimum,  average  and  maximum  curve,  for  each  measuring  station.  After  finding  the  vortex  axis,  the  probe  was 
displaced  in  the  radial  direction  parallel  to  the  surface.  In  two  cases  it  was  displaced  in  the  direction  normal  to  the 
surface,  for  checking  if  the  vortex  was  axisymmetrical,  obtaining  a positive  answer.  At  the  right  side  of  Figure  3 
we  notice  a rather  constant  vorticity,  not  tending  to  zero.  It  is  possible  to  explain  the  presence  of  this  vorticity  by 
two  reasons.  One  is  the  scooping  of  the  boundary  layer,  the  second  is  the  effect  of  the  remaining  vortex  sheet,  not 
rolled  up  to  build  the  tip  vortex.  This  result  can  give  us  an  idea  of  the  accuracy  of  the  approximation  of  a single 
horseshoe  vortex. 

The  solid  line  plotted  in  the  figure  is  the  solution  of  viscous  vortex,  given  by  Equation  ( I ).  A viscous  vortex 
is  a constant  viscosity  phenomenon;  the  comparison  leads  to  the  result  that  we  may  consider  also  constant  the 
eddy  viscosity  in  our  turbulent  vortices.  (It  was  not  a viscous  vortex,  which  should  have  a diameter  thousand  times 
less.)  Of  course,  eddy  viscosity  must  be  zero  in  the  non  turbulent  core.  But  the  rate  of  strain  tends  to  zero  as  we 
approach  the  axis  and  an  error  in  evaluating  the  strain-stress  relationship  does  not  affect  very  much  the  results. 


Fig. 3 Angular  velocity  versus  radius 

In  the  experiments  on  the  flat  plate,  where  the  transport  velocity  is  constant,  the  maximum  of  angular  velocity, 
«m  along  the  vortex  axis  fits  rather  well  a law  of  the  type: 


const 
x - x„ 


(2) 


and  x - x0  is  a coordinate  along  the  axis,  starting  from  a "virtual  origin”  of  the  vortex,  which  lies  very  close  to  the 
generator.  This  distance  is  affected  by  the  magnitude  of  the  separation  bubble  which  is  formed  by  the  sharp  leading 
edge  of  the  generator.  This  bubble  is  ventilated  by  the  tip  vortex.  We  did  not  investigate  carefully  this  effect, 
because,  in  the  order  of  our  approximation,  it  is  possible  to  assume  without  large  errors  that  this  origin  is  the 
generator  leading  edge  (it  is  really  a bit  upstream).  Detailed  experiments  will  give  accurate  results,  but  everything 
depends  upon  the  generator  thickness. 

Let  us  consider  Equation  ( 1 ).  If  we  consider  a constant  transport  velocity,  the  distance  x alor.g  the  axis  is 
function  of  the  time,  and  we  may  easily  introduce  x in  Equation  ( 1 ). 


i 


- IT  » 


(4) 


which  is  similar  to  Equation  (2)  and  means  that  the  eddy  viscosity  is  rather  constant  also  along  the  vortex.  This 
last  assumption  is  less  accurate  than  the  one  of  constant  eddy  viscosity  across  the  vortex,  and  the  error  may  be 
some  15%,  but  gives  a great  simplification:  the  vortex  growth  depends  only  upon  one  constant,  the  ratio  t)/v  . 
If  this  ratio  is  a constant  of  the  vortex,  it  must  be  a function  only  of  the  vortex  Reynolds  number  Rv 


Rv  = - 


and  the  eddy  viscosity  rj  is  a function  only  of  the  vortex  strength  T . 

We  have  not  yet  investigated  this  relationship  in  detail:  it  remains  still  an  open  question. 

5.  STRETCHING  OF  VORTICES 

Let  us  study  a typical  application  of  vortex  generators  to  a control  surface.  Generators  are  placed  somewhere 
upstream  the  hingeline.  As  we  deflect  the  control  surface,  we  have  a velocity  peak  near  the  hingeline.  During  the 
tests,  we  noticed  that,  as  we  deflect  the  flap,  the  angular  velocity  on  the  axis  was  increasing  with  flap  deflection, 
at  a given  station  downstream  the  hingeline.  This  means  that  the  diffusion  of  vorticity  either  decreases  or  increases 
less  than  the  mainstream  velocity.  This  means  also  that  the  length  of  the  non-interacting  part  of  the  vortex  is 
increased  as  we  increase  the  p*>  .k  l y control  surface  deflection.  This  effect  explains  the  large  number  of  successful 
applications  of  vortex  generators  to  control  surfaces  and  some  failure  in  other  applications. 

But  we  shall  consider  also  that,  if  we  place  the  generators  in  the  velocity  peak,  instead  of  placing  them  upstream, 
we  get  a vortex  strength  increasing  with  deflection.  (This  strength  is  proportional  to  the  mainstream  velocity  at  the 
generator  station.) 

We  need  to  be  very  careful  in  the  choice  of  the  generator  station;  the  knowledge  of  potential  flow  and  not 
only  of  the  boundary  layer  properties  is  then  required. 

6.  BURSTING  OF  VORTICES 

The  inner  part  of  the  vortex  has  dissipated  part  of  its  kinetic  energy  into  heat.  On  the  other  hand,  the 
pressure  along  the  axis  is  increasing  with  vortex  diameter:  it  is  increasing  with  distance  along  the  axis.  Pressure 
tries  to  push  upstream  the  air  around  the  vortex  axis.  If  the  shearing  stresses  are  not  large  enough,  we  may  have 
a reversed  flow  inside  the  vortex,  like  in  a boundary  layer  separation. 

Of  course,  adverse  pressure  gradients  are  unfavourable  and  may  cause  vortex  bursting.  But  another  reason  for 
bursting  is  that  the  vortex  may  suck  air  from  a separated  region,  because  of  its  low  pressure.  In  this  case,  the  vortex 
core  is  large  and  has  very  low  transport  energy:  the  danger  of  bursting  is  great. 

For  this  reason,  we  must  avoid  high  angles  of  attack,  which  may  produce  a large  leading  edge  separation  bubble 
on  the  generator.  This  angle  does  not  depend  only  upon  the  geometrical  value,  but  also  upon  the  sideslip,  which 
may  be  very  large  on  a swept  wing  in  high  lift  conditions, 

Although  this  is  verv  important,  in  our  earlier  velocity  profile  measurements4  we  observed  that,  on  a flat  plate, 
with  vortex  generators  of  low  aspect  ratio  (close  to  I ) and  high  angle  of  attack  (45°),  the  defect  of  velocity  near 
the  axis  did  not  exceed  1 09? , but  a strong  pressure  gradient  will  probably  change  this  observation. 

In  some  tests  we  could  not  measure  the  angular  velocity  in  the  interacting  part  of  the  vortex,  because  it  was 
too  small;  extrapolating  parameters  from  the  interaction  free  part,  we  should  have  angular  velocities  at  least  ten 
times  larger  than  the  minimum  measurable.  We  feel  that,  in  the  interacting  part,  bursting  of  vortices  was  occurring, 
even  on  a flat  plate.  If  occurring,  bursting  could  be  produced  either  by  interaction  or  by  the  probe  itself.  In  any 
case,  bursting  has  to  be  investigated,  but  such  an  investigation  requires  a very  accurate  technique  and  very  good 
instrumentation  (laser  anemometer?).  This  is  not  in  the  philosophy  of  this  preliminary  research. 


i 
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7.  CALCULATIONS  OF  THE  EFFECTS  ON  A BOUNDARY  LAYER 

As  well  known,  there  exist  a large  number  of  available  calculation  methods  for  a turbulent  boundary  layer.  We 
will  now  suggest  only  some  ideas  and  will  not  try  to  apply  our  assumptions  and  results  to  any  one  of  existing 
methods. 

Vortices  are  introducing  three-dimensional  effects:  the  first  question  which  arises  is  the  possibility  of  treating 
only  average  quantities,  Visualizations  on  separating  stream5  has  shown  that  the  separation  line  is  wavy,  but  the 
amplitude  of  the  wave  is  not  large.  If  we  want  to  predict  separation,  we  may  assume  that  it  is  possible  to  treat 
only  average  quantities. 

The  effect  of  forced  mixing,  emphasized  by  Schubauer  and  Spangenberg2  recalls  us  the  idea  of  an  entrainement 
method.  A way  to  relate  the  increased  entrainement  rate  to  the  vortex  properties,  is  to  calculate  the  waviness  of 
the  edge  of  the  boundary  layer,  as  increased  entraining  area.  This  is  possible  knowing  vortex  location  and  strength. 

Another  approach,  more  complex  but  probably  suitable  for  the  interacting  part,  is  the  modification  of  the 
velocity  profile,  adding  a new  law  to  the  law  of  the  wall  and  the  law  of  ihe  wake.  It  wiil  probably  require  a skin 
friction  investigation. 

8.  CONCLUSIONS 

Up  to  now  we  have  discussed  the  various  assumptions  for  simplifying  the  calculations  of  the  vortex  d velop- 
ment  and  of  its  induced  velocity.  Further,  quantitative  experiments  are  required.  We  need  to  investigate  the 
relationship  between  vortex  Reynolds  number  and  eddy  viscosity. 

Our  interaction  model  confirms  the  essential  importance  of  spacing,  pointed  out  by  Pearcey1 ; the  observations 
on  the  vortex  stretching  explain  why  vortex  generators  are  an  effective  means  of  boundary  layer  control  in  the 
presence  of  velocity  peaks,  as  near  hingelines. 
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JET  LIFT  PROBLEMS  OF  V/STOL  AIRCRAFT 


J.  Borcho  +) 

Vereinigte  FI  jgtechnische  Werk^-Fokker  GmbH 
2800  Bremen  1,  HUnefeldstroBe  1-5,  Germany 


SUMMARY 

Jet  lift  interference  is  of  paramount  importance  for  the  design  of  jet-supported  V/STOL  aircraft.  The  paper  summa- 
rizes basic  flow  problems  which  are  assumed  to  be  valid  for  all  different  types  of  said  category  of  aircraft. 

I.  INTRODUCTION 

The  development  of  V/STOL  military  aircraft  has  been  on  attractive  goal  for  many  aircraft  companies  all  over  the 
■vorld,  and  especially  in  Europe. 

Most  of  the  aircraft  are  designed  as  jet-supported  vehicles,  I.e.  that 

e light-weight  lift  engines  in  addition  to  one  or  more 
cruise  engines  as  well  as 

e cruise  engines  with  a swivelling  nozzle  system  or 
e any  combination  of  both  types  of  engines 

have  been  installed  either  in  the  airframe  or  in  wing  pods. 

(X<e  to  the  lack  of  natural  stability  and  control  ability  in  hovering  and  transition  flight  the  engines  have  to  be  used 
for  aircraft  stabilization  too.  This  i<  usually  done  by 

e compressor  bleed  air  or 
e thrust  modulation  systems  or 
e a combination  of  both. 

During  the  last  ten  years  many  types  of  jet-lifted  aircraft  have  been  designed,  and  some  of  them  manufactured  and 
the  flight  performance  successfully  tested. 

One  example  of  an  early  designed  and  successfully  tested  aircraft  was  the 

EWR  VJ  101  C, 

the  first  VTOL -fighter  type  aircraft  in  supersonic  range,  shown  in  fig.  1 . The  VJ  101  C was  equipped  with  three  sets  of 
two  lift  engines.  One  set  was  fitted  behind  the  cockpit  and  used  as  lift  engine  only.  The  two  other  sets  are  Installed  in 
swivelling  wing  tip  pods,  thus  acting  as  lift  and  cruise  engines.  The  VTOL  stability  and  control  were  achieved  by  thrust 
modulation  of  all  the  engines. 

Another  example  of  jet  supported  aircraft,  the 

Dornier  Do  31, 

was  the  first  VTOL  transport  aircraft.  The  Do  31,  shown  in  fig.  2,  was  equipped  witn  tip-mounted  pods  of  lift  engines, 
and  two  lift/cruise  engines  with  the  well-known  swivelling  nozzle  system.  VTOL  stability  and  control  were  achieved  by 
thrust  modulation  and  bleed  air. 

The  most  popular  V/STOL  aircraft,  the 

HSA  Harrier 

is  shown  in  fig.  3.  That  aircraft  - the  only  one  in  military  service  up  to  now  - is  equipped  with  one  lift/cruise  engine  of 
the  swivellinr  nozzle  type  [l]  . In  V/STOL  modes  the  aircraft  is  stabilised  and  controlled  by  bleed  air. 

The  newest  and  most  modern  V/STOL  aircraft,  the 

VFW-F  VAK  191  B 

is  shown  in  fig.  4.  The  aircraft,  - originally  designed  for  CAS  and  RECCE  missions  - uses  two  lift  engines  and  one  lift/ 
cruise  engine  of  the  swivelling  nozzle  type  installed  in  the  fuselage  [2,3,4]  . The  lift  engines  are  installed  in  the  front 
and  rear  part  of  the  fuselage.  They  are  symmetric  with  respect  to  the  center  of  gravity,  whilst  the  main  engine  was  located 
directly  in  the  center  of  gravity.  Thus  thrust  increases  of  each  type  of  engine  can  be  used  without  shifting  the  "enter  of 
thrust.  In  V/STOL  modes  aircraft  is  stabilised  and  controlled  by  a bleed  air  system  in  all  three  axes,  together  with  thrust 
modulation  in  pitch. 

+)  Dr.-lng. 
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In  aplte  of  their  different  design  missions  and  different  lay-outs  all  of  these  exempt  cry  aircraft  have  some  common 
basic  problems  which  are  directly  connected  with  the  installation  of  engines  for  lifting  the  aircraft  at  small  or  zero  for- 
ward speed. 

The  peper  is  concentrated  on  basic 

Jet  Lift  Problems, 

and  mainly  based  on  the  experience  with  the  VAK  191  B which  seems  to  be  valid  for  V/STOL  aircraft  in  general. 

2.  BASIC  PROBLEMS  IN  V/STOL  MODES 

If  it  is  assumed  that  all  V/STOL  aircraft  designers  have  to  soive  the  same  basic  problems  for  their  different  projects, 
it  is  certainly  useful  to  summarize  these  problems  und  their  physical  background. 

This  can  be  done  best  by  following  a typical  take-off-  or  landing-procedure  of  an  arbitrary  V/STOL  aircraft  as 
sketched  in  fig.  5. 

2. 1 Engine  Storting 

The  take-off-procedure  obviously  starts  with  ENGINE  INGNITION,  system  and  control  check  (fig.  5 a).  This  is 
done  with  engines  on  idle,  and  if  possible  with  backward  deflected  jets  in  order  to  avoid  or  reduce  the  problems  of 

e GROUND  EROSION  and 
e RECIRCULATION 

Hereby  GROUND  EROSION  is  understood  to  be  the  destructive  effect  of  jets.  The  magnitude  of  the  erosion  depends  on 
jet  exit  temperature,  dynamic  head  and  duration  of  impact  as  well  as  the  properties  of  the  (pound. 

In  addition  to  deflecting  the  jets  backwards  (pound  erosion  is  also  minimized  by  using  specially  prepared  small  sites 
or  at  least  by  using  propulsive  systems  with  smaller  energy  density,  such  as  ejector  driven  thrust  augmentation. 

RECIRCULATION  is  a generalized  expresssion  for  the  jet-induced  temperature  distribution  around  the  aircraft, 
usually  split  up  in  so-called 

e farfitld  effects, 

- caused  by  heating  of  the  ambient  air, 

- resulting  in  thrust  losses, 

- depending  on  time,  wind  strength  and  direction 

and 

e near  field  or  fountain  effects, 

- caused  by  an  upward  self-deflection  of  two  jets  at  minimum  on  the  ground, 

- therefore  resulting  in  local  jet  fountains,  which 

- may  heat  up  parts  of  the  airframe,  and 

- may  even  produce  an  engine  surge,  if  parts  of  the  fountains  are  sucked  in  into  the  intakes. 

The  fountain  effects  are  broadly  discussed  in  the  following  chapters. 


2.2  VTO  and  Hovering 

After  having  cleared  ths  oircaft  for  take-off  the  engines  are  to  be  set  at  full  power  and  the  jets  are  deflected  in 
vertical  or  near  vertical  position,  if  a TRUE  VERTICAL  TAKE-OFF  and  HOVERING  ore  required  (fig.  5 b).  In  those  few 
seconds  time  the  already  defined 

e GROUND  EROSION  and 
e RECIRCULATION  PROBLEMS 

are  highly  magnified.  In  addition  new  problems  occur  , wvnely 

e NOISE  and 
e GROUND  SUCTION . 

NOISE  problems  are  familia-  to  all  aircraft  designers.  But  additionally  at  small  (pound  clearances  a feed-back  be- 
tween sound  waves  reflected  from  the  ground  and  anular  vortices  on  the  jet  boundary  may  be  set  in,  thus  magnifying  the 
noise  level  [5]  . 

Nevertheless  the  problems  of  GROUND  SUCTION  are  for  military  aircraft  of  major  importance.  This  it  because  of 
the  fact  that  a rather  small  lots  in  predicted  lift-off  potential  u equivalent  to  a considerable  decrease  in  range. 

As  it  is  wellknown  now  - see  e.g.  [6]  - the  problems  of  GROUND  SUCTION  are  the  combination  of  two  effects, 
i.e.  the 

e suck-down  of  a jet  due  to  turbulent  mixing, 

- as  a free  jet  or 

- as  a wall  jet,  and 

— — ■ , 
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• the  fountain  effect  of  two  jets  at  minimum 
- which  are  closely  connected  with  the  neor  field  recirculation  problems. 

Both  offects  are  fetched  in  n«.  6. 

I 

The  sucking  effect  of  jets,  especially  of  wall  jets  always  result  in  effective  lift  loss,  because  the  entrainment  of  air 
into  a jet  reduces  the  pressure  especially  at  the  lower  side  of  o wing  or  fuselage.  Even  if  the  pressure  change  remains 
rather  small  the  wetted  surface  is  large  enough  to  give  a negative  lift  force  at  the  order  of  a few  percent  of  installed 
thrust.  This  is  again  shown  in  the  left  diatom  of  fig .7a  for  an  aircraft  B,  which  has  'our  nozzles  very  close  to  each 
other.  Hence,  the  flow  field  resembles  a single  jet  and  therefore  purely  suck-down  forces  act  on  the  airframe.  Thus,  as 
a simple 

e design  rule 

- the  distance  between  nozzles  and  wing  should  be  as  large  as  possible, 

- the  distance  between  nozzles  and  pound  should  also  be  as  large  as  possible,  and 

- the  jet  decay  which  is  responsible  for  the  entrainment  of  air  should  be  as  low  as 
possible  with  respect  to  engine  exhaust  flow  and  nozzle  design. 

However,  modern  V/STOL  aircraft  usually  have  more  than  one  engine  nr  one  engine  with  multiple  nozzles.  If  for  such  a 
system  the  jets  meet  the  ground  independently,  each  free  jet  developes  its  own  wall  jet.  As  shown  by  the  jet  footprint  in 
fig.  6 and  8,  the  individual  wall  jets  are  separated  from  each  other  by  so-called  stagnation  lines.  Along  these  liner  a 
strong  outflow  or  inflow  exist,  and  In  the  local  symmetry  plone  parts  of  the  wall  jets  deflect  each  other  upwards.  Basical- 
ly this  is  an  unstable  process.  However,  the  upward  flow  is  self  ■stabilized  by  a vortex  similar  to  the  well-known  intake 
vortex. 

Due  to  that  upward  fountain  flow  the  jet  momentum  is  partly  regained,  giving  an  additional  lift  force.  This  is  shown 
in  the  left  diagran  of  fig.7a  for  an  aircraft  A,  having  six  well-spaced  nozzles  and  therefore  a rather  strong  fountain 
flow  between  the  nozzles  in  addition  to  suck -down  flow  outside. 

Hence  the  above  mentioned  design  rule  can  be  completed  and  stated  as  follows: 

- the  distance  between  the  nozzles  should  be  as  large  as  necessary  to 
obtain  individual  wall  jets,  and  to  avoid  a jet  cluster. 

These  positive  effects  are,  however,  associated  with  increased  problems  in  the  near  field  recirculation,  leading  to 
the  thumb  rule, 

e the  larger  the  fountain  lift  is  to  be  achieved,  the  more  attention  has  to  be 
paid  in  recirculation. 

But  fortunately  the  fountain  flow  is  a rather  compact  flow  and  may  be  located  and  guided  to  uncritical  parts  of  the  air- 
craft, thus  allowing  the  designer  for  most  aircraft  to  ignore  the  above  rule.+) 

2.3  Rolling  VTO  and  STO 

In  order  to  avoid  recirculation  problems  and/or  to  use  the  overload  potential  of  the  aircraft  a ROLLING  VTO  or 
STO  technique  is  often  recommended  (fig.  5 c).  The  predict  it.  i of  take-off  performances  has  to  take  into  account,  how- 
ever, that  the  effect  of  forward  speed  in  ground  proximity  may  complicate  that  procedure  [7]  . This  is  mainly  cn  In- 
fluence on 

- free  jets  as  well  as  on  wall  jets, 

- on  rudder  effectivness,  and 

- on  lift  and  cruise  engines  intakes 

- together  with  crosswind  effects. 

It  can  easily  be  understood  that  effects  of  strong  cross  wind  may  dictate  the  performance  of  the  stabilisation  system, 
since  the  natural  stability  is  to  be  neglected  at  small  forward  speeds,  and  engine  intakes  can  produce  remarkable  rolling 
and  yawing  moments. 

But  in  addition  to  the  above  mentioned  near  and  far  field  recirculation  o third  type  of  recirculation,  called 

e VORTEX  RECIRCULATION 
may  limit  the  take-off  performance. 

That  type  of  recirculation  is  causod  by  rolling  up  the  wall  jet  field  in  a stable  vortex  sheet  under  front  or  crosswind 
conditions,  as  shown  in  fig.  9.  The  vortex  sheet  may  be  sucked  in  into  the  intakes,  even  if  the  aircraft  has  just  left  the 
(pound. 

Thus  the  theoretical  improvements  of  RTO  or  STO  techniques  may  be  limited  by  typical  jet  problems,  which  are  not 
to  be  considered  on  a classical  aircraft. 


+)  On  the  VAX  191  B the  rear  landing  gear  doors  are  used  as  guide  varies. 
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2.4  Transition 

After  a true,  rolling  or  short  take-off  the  pilot  opens  the  so-colled 

TRANSITION  PHASE, 

defined  as  that  period  In  which  the  wing  lift  Is  not  yet  sufficiently  developed,  ond  the  aircraft  needs  jet  lift  support 
(fig.  5 d). 

During  transition  the  Increasing  forward  speed  acts  on  the  jets.  This  leads  to 

e an  air  entrainment,  which  is  distorted  by 

e jet  displacement/wake  effects  and 

e jet  bending, 

interfering  again  with  the  airframe. 

The  reaction  of  the  jets  on  the  airframe  in  transition  flight  may  be  split  into  wing-body  and  tail-body  interfer- 
ence. 

The 

e WING/BODY-JET  INTERFERENCE 

is  mainly  an  effect  of 

- air  entrainment  and 

- jet  displacement/wake  producing  a 

- jet-induced  down  wash  field,  and 

- local  dynamic  pressure  changes. 

If  the  distance  between  wing  and  nozzles  is  large  enough  the  main  interference  of  the  jets  consists  of  an  additional 

e down  wash  field,  which  is  equivalent  to  a 

- jet-induced  negative  wing  camber,  which  is 

- proportional  to  the  free  stream/jet-exit  velocity  ratio. 

Thus  the  jet-induced  lift  loss  increases  with  forward  speed  and  may  lead  to  losses  in  the  order  of  30  to  40  percent 
of  installed  thrust  for  downward  deflected  jets  at  transition  end  speed. 

On  the  other  hand  the 

e TAIL/BODY-JET  INTERFERENCE 

is  mainly  an  effect  of 

- jet  displacement/wake  and 

- jet  bending  due  to  forward  speed,  producing  again  a 

- jet-induced  downwash,  and 

- dynamic  pressure  loss. 

Tail-body  effects  are  mainly  stability  and  trim  effects,  leoding  to 

- reduced  stability  or  even  pitch-up,  and 

- large  positive  trim  angles,  not  occuring  for  conventional  aircraft. 

The  entrainment,  displacement  and  wake  effects  are  of  course  combined,  and  hard  to  separate.  This  complicates 
the  theoretical  approach  as  well  as  the  experimental  work  with  small  scale  models  and  cold  jet  simulation.  Nevertheless 
it  seems  that  the  wing  eff-cts  are  proportional  to  the  freestreom/jet-exit  velocity  ratio,  and  the  tail  effects  proportional 
to  the  dynamic  pressure  ratio. 

An  example  of  lift  loss  in  transition  for  fixed  ongle  of  attack  ond  jet  exit  conditions  is  sketched  in  the  center  dia- 
gram of  fig.  7 b.  Here  the  aircraft  A with  six  nozzles  is  compared  with  an  aircraft  B with  four  well-spaced  nozzles.  For 
the  same  total  thrust  the  aircraft  A shows  slightly  reduced  lift  losses  in  transition.  This  is  a consequence  of  the  thrust 
splitting  which  confirms  the  above  mentioned  design  rule,  that 

- the  distance  between  nozzles  and  wing  should  be  as  large  as  possible. 

Nevertheless  for  both  aircraft  the  lift  loss  at  the  end  of  the  transition  would  be  of  the  order  of  X to  60  percent  of 
the  total  thrust  if  the  jet  exit  conditions  remain  unchanged.  But  as  wing  lift  increases  with  speed  the  jet  lift  needed  for 
constant  level  flight  decreases.  Lift  engine  thrust  may  therefore  be  reduced,  and  swivelling  nozzles  turned  to  cruise 
conditions. 

Due  to  interference  effects,  however,  which  increase  with  flight  speed  and  decrease  with  smaller  nozzle  deflection 
angles  the  total  jet-induced  lift  loss  reaches  its  maximum  at  about  the  middle  of  the  transition  period.  This  is  sketched 
in  the  left  dlogrtm  of  fig.  10,  where  - for  a swivelling  nozzle  engine  - a normal  force  bredc-down  is  plotted  against 
flight  speed:  At  zero  forward  speed  the  total  weight  has  to  be  completely  jet-balanced.  As  already  mentioned,  this  needs 
even  out  of  ground  effects  a thrust/weight  ratio  somewhat  above  unity  to  compensate  the  suction  losses.  As  speed  in- 
creases the  difference  between  actual  jet  lift  from  exit  momentum  components  and  effective  jet  lift  including  the  jet  in- 
terference increases  as  long  as  the  unfavourable  speed  effects  dominate  over  the  favourable  effects  of  reduced  nozzle 
deflection  angles. 
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This  feature  1$  much  more  important  for 

PITCH  CONTROL  and  STABILITY 

than  for  lift/thrust/weight  balance.  Ai  sketched  on  the  right  hand  side  of  fig.  10  o fixed  positive  tail  setting  produces  a 
nose-down  moment  increasing  with  speeds  The  jet  interference  effects,  however,  induce 

- strong  nose-up  moments  and 

- reduce  the  aircraft  stability. 

As  the  nozzle  angle  is  fixed  from  the  lift/thrust/weight  balance  the  speed-dependent  trim  change  - shown  by  the 
dot  »d  line  in  fig.  10  - is  more  or  leu  automatically  given.  This  means,  that  a maximum  jet-induced  trim  change  around 
the  middle  of  the  transition  period  must  be  expected.  Because  of  the  fact  that  the  trim  change  can  only  partly  be  compen- 
sated by  aerodynamic  controls  the  complete  compensation  must  be  achieved  by  the  bleed  air  or  thrust  modulation  system. 
Hence  the  normal  transition  procedure  can  define  the  maximum  control  power  of  the  longitudinal  stabilization  andcontrol 
system. 

Jet  interaction  problems  are  evidently  not  restricted  to  longitudinal  motion  only.  In  foct  both  crou  wind  or  side  slip 
and  moderate  rolling  manoeuvres  are  normal  during  transition.  Thus  jet  effects  on 

LATERAL/DIRECTIONAL  CONTROL  and  STABILITY 
have  to  b»  ..eluded  in  an  analysis. 

A typical  example  of  jet-induced  rolling  and  yawing  moments  of  aircraft  A ore  shown  on  the  right  hand  side  of 
fig.  7 c.  The  diagram  is  valid  for  fixed  thrust,  nozzle  position,  angle  of  attack  and  yaw.  As  it  can  be  seen  from  the  plot 

e the  rolling  moment  increases  with  forward  speed, 

- i.e.  the  aircraft  is  destabilised  in  roll,  and 

- must  be  artificially  controlled  since 

- the  ailerons  are  hardly  effective  at  that  speed. 

But  as  it  can  also  be  seen, 

e the  weather-cock  stability  is  considerably  improved, 

- i.e.  the  aircraft  tends  to  reduce  side  slip  and 

- to  reduce  the  unfavourable  jet-induced  rolling  moments. 

Nevertheless  the  amount  of  required  control  power  in  roll  may  be  defined  by  side  slip  effects  during  transition 
[8]  , and  it  may  be  further  assumed  that  some  accidents  of  VTO  aircraft  are  due  to  insufficient  bleed  air  control . 

Thus  the  transition  performance  of  a V/STOL  aircraft  can  be  severely  limited  in  longitudinal  as  well  as  in  lateral/ 
directional  motion  by  limited  power  to  control  and  stabilize  the  aircraft. 

To  complete  the  design  rules  it  may  be  stated,  therefore,  that 

e the  tail  setting  angle  should  be  increased  to  rather  large  positive  values, 

e the  tail  plane  should  be  positioned  as  far  away  from  the  jets  as  possible 

for  stall  characteristics  mainly, 

e the  artifical  pitch  and  roll  control  capacity  should  be  suffiently  large  to 

avoid  severe  restrictions  in  the  transition  corridor. 


2.5  Wing-borne  fligt.t 

If  the  aircraft  has  accelerated  to  wing-borne  flight  speed,  the  transition  phase  has  ended  (fig.  5e).  The  swivelling 
nozzles  are  in  cruise  position,  and  the  lift  engines  - if  they  exist  - are  to  be  shut  down.  Lift  engines  intake  and  exit 
doors  have  still  to  be  open  for  a while,  however,  in  order  to  ventilate  the  engines.  After  the  ventilation  the  doors  are 
closed,  and  the  aircraft  has  its  cruise  configuration. 

For  rearward  transition  lift  engines  - if  they  exist  - have  to  be  started  again  in  wing-borne  flight.  Lift  engine  start- 
ing is  usually  done  either  by 

e a pressure  drop  acrou  the  engine, 
e by  bleed  air  auistance  or 
e by  comb  nation  of  both. 

The  simplest  meons  is  an  engine  starting  owing  to  the  preuure  drop  between  intake  and  exit  only.  To  restart  the  en- 
gines a preuure  drop  must  be  obtained  such  as  to  accelerate  the  engines  to  between  7 and  15  percent  of  the  maximum  rpm. 
Hence  the  intake  preuure  recovery  - at  speeds  at  which  the  intake  flow  is  portly  separated  -,  the  exit  preuure  and  the 
aircraft's  angle  of  attack  and  side  slip  have  to  be  carefully  adapted. 

After  lift  engine  ignition  the  pilot  starts  the  rearward  transition.  The  problems  associated  with  the  rearward  transition 
ore  similar  to  those  of  the  already  discuued  forward  transition. 


i 
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3.  OPEN  PROBLEMS  ON  JET  INTERACTIONS 

Succosfully  developed  V/STOL  aircraft  prove  that  the  flow  phenomena  associated  with  jet  interactions  are  well  un- 
derstood in  principle.  Up  to  no*  mere  are  still  some  gaps  of  knowledge,  however,  which  are  filled  mainly  by  large  ex- 
perimental work  either  in  moael  or  flight  tests.  Hence,  for  the  next  generation  of  V/STOL  aircraft  improved  methods  are 
required. 

3. 1 Jet  problems  in  cross  flow 


One  of  the  still  existing  key  problems  in  V/STOL  aircraft  design  consists  of  a proper  description  of  the 

FLOW  FIELD  PAST  JETS  IN  A CROSS  FLOW, 

dealing  with  the  already  mentioned  problems  of  - see  e.g.  fig.  11  - 

e air  entrainment, 
e jet  displacement  and  wake, 
e jet  bending  as  well  as 
e interference  of  multiple  jets  and 
e nozzle  design , 

This  is  of  course  a laborious  task,  since  the  basic  questions  of  turbulent  mixing  even  in  stationary  jet  flow  are  not  yet 
completely  solved.  Thus  the  main  work  still  to  be  done  will  certainly  be  based  on  highly  sophisticated  experimental  work. 
This  work  should  enable  to  improve  he  former  prediction  approaches  established  In  the  pioneer  days  of  V/STOL  design, 
and  from  which  some  are  summarized  'n  the  reference  list  [9,10,11,12,13,14,15,7]  . 

Future  methods  will  be  most  probably  based  on  potential -theoretical  dummys  of  the  real  jet  flow.  Such  models  - if 
properly  established  - would  allow  better  use  of  thewellknown  surface  singularity  methods  for  rather  complex  transition 
flight  problems  as  well  as  in  simplified  form  of  the  prediction  of  basic  problems  in  an  early  stage  of  aircraft  design. 

Hence  each  contribution  to  the  said  flow  phenomena  giving  a better  understanding  or  prediction  method  as  - e.g.  - 
SNEL's  paper  [lb]  on  flow  field  calculation  or  DFV4.R  reports  on  recent  years  jet  flow  tests  [l7]  , soon  to  be  published, 
should  be  welcomed. 

3.2  Jet  problems  in  hovering 

Jet  problems  in  hovering  or  at  small  forward  speeds  seem  to  fcs  less  difficult  to  solve,  since  the  effect  of  the  free- 
stream  velocity  vanishes  or  may  be  neglected.  But  near  the  ground  the  influence  of 

e wall  jets  and  especially  the 
e fountain  flow 

complicates  the  prediction  again.  Hence  most  work  have  been  and  will  further  be  done  experimentally.  Theoretical  studies 
are  mostly  limited  to  single  jets  or  to  clustered  jets  acting  as  single  jets,  see  e.g.  [l2]  . 

Experimental  work  on  recirculation,  however,  has  led  to  a better  understanding  of  fountain  flow  phenomena  [l8]  . 

A theoretical  paper  on  prediction  methods  of  such  a flow,  describing 

e the  footprint  pattern  for  almost  arbitrary  nozzle  positions, 
e the  fountain  momentum,  its 
e relative  position  and  direction 

is  to  be  published  *'on  [19]  . Thus  a theoretical  model  of  a more  complex  jet  flow  can  be  developed. 

The  calculation  of  the  wing-body  pressures,  forces  and  moments  con  again  be  done  using  the  pone1  methods.  The 
ground  effect  will  be  simulated  by  the  method  of  imaging  the  wing-body,  free  jet  ond  wall-jet. 

The  calculation  can  be  simplified,  however,  using  the  fact  that  - see  e.g.  fig.  12  - 

e the  pressures  on  the  upper  side  of  a wing  ore  almost  unaffected  from  the  jet 
flow,  excepting  small  perturbations  on  the  leoding  and  trailing  edge. 

Neglecting  the  perburbations,  from  that  boundory  condition  the  vortex  distribution,  cancelling  the  jet-induced  nor- 
mal velocity  components  is  automatically  given.  Hence  the  solution  of  an  integr:!  equation  can  be  avoided  and  only  the 
knowledge  of  the  tangential  jet-induced  velocities  is  needed.  +) 


+)  The  boundary  condition  is  also  valid  in  cruise  flight  for  engines  mounted  above  or  below  the  wing,  ond  jet  exis  necrly 
parallel  to  freestream  direction. 
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3.3  Recirculation 

At  discussed  above  recirculation  problems  are  usually  divided  Into 
e farfleld  effects, 

e nearfield  or  fountain  effects,  and 
e vortex  recirculation  in  RTO  or  STO. 

The  most  important  and  complicated  problems  are  given  by  the  nearfield  recirculation,  owing  to  the  difficult  predic- 
tion of  the  fountain  location,  direction  and  strength.  As  mentioned  above,  however,  the  prediction  of  fountain  flow  is 
beeing  studied  intensively. 

As  recirculation  is  associated  with  temperature  effects  the  temperature  field  from  each  jet  exit  up  to  the  (pound,  and 
from  the  ground  via  fountain  flow  to  critical  parts  of  the  airframe  must  be  known.  This  temperature  field  Is  usually  meas- 
ured in  model  tests,  and  one  of  the  most  delicate  question  is  the  scaling  procedure  from  model  to  full  scale.  During  the 
recent  years  the  similarity  rules  even  for  complex  recirculation  flow  have  been  successfully  studied  [l8]  . Checks 
during  flight  tests  confirm  the  validity  of  the  procedure  for  the  meon  temperature  levels  on  engine  intakes  as  well  as  on 
the  (pound  or  on  the  aircraft  wheels. 

As  a jet  flow  field  is  highly  unsteody,  calculations  or  tests  based  on  the  assumption  of  steady  flow  may  not  give  the 
correct  answer  to  special  problems.  Recirculation  on  engine  intakes  is  one  of  those  problems  not  to  be  solved  with  steady 
methods  as  far  as  engine  surge  problems  are  to  be  analysed.  In  order  to  describe  the  random  flow  behaviour  an  applica- 
tion of  the  well-established  statistical  methods  seems  to  be  useful.  This  needs,  however,  a better  understanding  of  the 
admissible  engine  distortion  parameters,  and  a close  collaboration  between  airframe  and  engine  designer. 


3.4  New  jet  lift  generators 

The  problems  discussed  so  far  are  mainly  based  on  jet-lift  production  with 
e lift  engines  and/or  lift/cruise  engines. 

Other  concepts  as 

e fan-in-wing  anc|/or  fuselage 
e tilted  rotors  or 
e tilted  wings  and  rotors 

have  also  been  studied  and  partly  flight-tested. 

In  addition  each  dircraft  designer  has  most  ptobdbly  studied  the  concept  of 

e thrust  augmenting  ejectors, 

mainly  to  avoid  the  problems  of  ground  erosion  and  recirculation. 

The  concept  was  abandoned,  because  of 

e disappointing  low  thrust  aupnentation  connected  with 
e mechanical  and  structural  complications. 

During  the  last  years  the  Aerospace  Research  Laboratories  at  Wright-Patterson  AFB  developed  the  concept  of 
e hypermixing  nozzles, 

which  will  be  presented  in  the  paper  of  Brown  and  Murphy  [20]  . This  concept  ollows  on  increase  In  mixing  efficiency  due 
to  the  generation  of  "free"  mixing  vortices  together  with  a reduction  in  mixing  length.  Hence  a new  jet  lift  generator  of 
practical  dimensions  and  augmentation  ratios  between  1.5  and  2 can  be  designed. 

The  practical  application,  however,  the  mechanical  and  structural  problems,  the  problems  of  jet  interference  in 
transition  are  considered  to  be  still  somewhat  open,  until  the  results  of  flight  tests  of  an  experimental  aircraft  are  known. 


4.  CONCLUSION 

Successfully  tested  V/STOL  aircraft  have  demonstrated,  that  the  basic  flow  phenomena  on  jet  lift  generation  are  well 
understood.  In  addition  knowledge  about  the  still  open  gaps  has  been  gained.  As  long  as  the  V/STOL  technique  is  regarded 
to  be  of  military  or  civil  interest  as  long  a concentrated  research  has  to  be  done  to  fill  these  gaps.  Some  of  the  problems 
which  are  assumed  to  be  of  major  interest  for  the  V/STOL  designer  have  been  discussed.  +) 


+)  In  order  to  illustrate  the  development  of  V/STOL  aircraft  a ten  minutes  film  on  the  VAK  191  B has  been  prepared. 
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SIDESLIP  IN  VTOL-TRANSITION  FLIGHT 

A CRITICAL  FLIGHT  CONDITION  AND  ITS  PREDICTION  IN  SIMPLE  WIND  TUNNEL  TESTS 


B.Ewald 

Chief  of  Experimental  Aerodynamics 
Vereinigte  Flugtechnische  Werke-Fokker  GmbH 
2800  Bremen  1,  Hunefeldstrasse  1 5 
Germany 


SUMMARY 

During 
the  engines, 
interference 

During 

region  and  resulting  rolling  moments  were  investigated  up  to  the  boundaries  of  the  aircraft  control  power  in  roll. 
These  flight  test  results  are  compared  with  early  low  speed  wind  tunnel  results. 

A special  wind  tunnel  technique  was  developed  for  these  tests.  Through  a three  chamber  tube  compressed  air 
was  fed  to  nozzles  representing  the  lift  engines  and  the  lift-cruise  engine  of  the  VAK  191  B.  The  hull  of  the  model 
was  connected  to  this  nozzle-sting  arrangement  by  a six  component  strain  gage  balance. 

So  in  this  balance  only  the  aerodynamic  forces  affecting  the  model  hull  were  measured.  As  a result  of  wind 
tunnel  tests  with  and  without  engine  flow  the  jet  interaction  was  found. 

In  the  paper  the  flight  test  results  and  the  wind  tunnel  results  are  compared  for  a critical  sideslip  condition. 

It  is  shown,  that  a prediction  of  critical  flight  conditions  by  a low  cost  wind  tunnel  technique  is  possible. 


transition  flight  a VTOL-aircraft  is  partly  supported  by  aerodynamic  lift  and  partly  by  the  thrust  of 
which  is  vectored  near  vertically  upwards.  In  sideslip  heavy  rolling  moments  may  be  created  by  the 
of  the  jets  with  the  general  flow  field. 

flight  tests  of  the  VAK  191  B VTOL-Fighter  large  sideslip  angles  were  observed  in  the  transition  flight 


1.  INTRODUCTION 

During  transition  flight  a VTOL-aircraft  is  partly  supported  by  the  wing  lift  and  partly  by  the  thrust  of  the 
engines,  which  is  vectored  more  or  less  vertically  upwards.  In  this  condition  the  jets  interfere  with  the  flow  field 
due  to  forward  speed  of  the  aircraft  and  induce  additional  downwash  and  sidewash  effects.  In  sideslip  thus  heavy 
rolling  moments  may  be  created  which  a e normally  not  controllable  with  ailerons  alone.  So  this  critical  flight 
condition  needs  careful  treatment  during  wind  tunnel  tests  of  VTOL  aircraft. 

The  evaluation  of  jet  effects  of  VTOL  aircraft  in  the  transition  flight  mode  by  wind  tunnel  tests  has  not  yet 
become  a standard  wind  tunnel  technique.  A wide  variety  of  experimental  procedures  has  been  used  with  more  or 
less  success  anu  most  of  these  techniques  are  complicated  and  expensive. 


2.  VAK  191  B DEVELOPMENT  AT  VFW-FOKKER 

The  development  of  the  VTOL  Close  Air  Support  Fighter  VAK  191  B caused  the  search  for  a suitable  method 
to  get  such  wind  tunnel  results  at  VFW-Fokker.  A relatively  cheap  test  arrangement  was  found  and  it  should  be 
very  instructive  to  compare  the  wind  tunnel  tests  with  flight  test  results. 

The  VAK  191  B is  a true  VTOL  aircraft  with  a small  highly  loaded  shoulder  wing  and  a mixed  propulsion 
system.  A lift-cruise  fan-engine  (Rolls-Royce  RB  193)  with  swiveling  nozzles  is  installed  in  the  fuselage  near  the 
center  of  gravity.  Two  lift  engines  (Rolls-Royce  RB  162)  are  installed  nearly  vertical  in  the  fuselage  in  front  of 
and  behind  the  lift-cruise  engine.  More  details  on  this  aircraft  may  be  found  in  Reference  5 and  in  Barche’s  paper 
gri'en  at  this  meeting.  A three-view  drawing  is  given  in  Figure  1 . 

Figure  2 shows  the  airplane  in  transition  flight  with  gear  down  and  lift  engine  doors  open.  Position  of  the 
lift-cruise  engine  nozzles  is  nearly  horizontal. 


L 
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3.  YAW  IN  TRANSITION,  FLIGHT  TEST  RESULTS 

On  one  of  the  first  transition  flights  a sideslip  condition  was  reached,  that  clearly  demonstrated  the  boundaries 
of  the  flight  region.  Figure  3 shows  a part  of  the  original  “Quick  Look”  telemetry  record  of  this  flight  (operation 
number  2067).  The  speed  varies  between  75  and  100  knots,  the  angle  of  attack  between  5 and  15  degrees. 

The  aircraft  yaws  at  first  for  a short  time  to  the  right  and  then  to  the  left  with  ya  ving  angles  between  5 and 
15  degrees. 

According  to  the  fifth  diagram  in  this  figure  the  aircraft  banks  to  the  lee  side.  The  pilot  tried  to  maintain  a 
horizontal  bank  attitude  and  the  fourth  diagram  on  Figure  3 shows  the  answer  of  the  aircraft  attitude  control 
system. 

During  the  first  part  of  the  right  yaw  condition  (Seconds  1758  to  1776)  the  reaction  control  system  was  able 
to  maintain  a nearly  horizontal  bank  attitude  with  about  70%  of  the  maximum  available  roll  control  thrust. 

During  the  time  period  1778-1792  in  spite  of  the  slightly  reduced  yaw  angle  several  seconds  of  maximum  roll 
control  thrust  were  necessary  to  maintain  the  bank  attitude.  It  is  clearly  indicated  that  these  critical  rolling  moments 
are  caused  by  the  increased  speed  of  the  airplane.  A reduction  of  speed  and  angle  of  yaw  stopped  this  dangerous 
condition. 

The  Figures  4 and  5 show  the  important  flight  test  results  of  this  period  after  calibration  and  omission  of  noise. 
According  to  the  VAK  191  B VTOL  flight  control  system  aileron  deflection  and  reaction  control  thrust  are  working 
in  parallel. 

It  should  be  noted  that  the  roll  acceleration  sensor  was  faulty  during  this  test  and  the  roll  acceleration  was 
evaluated  by  twofold  differentiation  of  bank  angle,  which  is  not  very  accurate. 

Figure  6 shows  the  average  engine  conditions  during  the  test  period.  The  reaction  control  roll  thrust  is  gener- 
ated by  downward  nozzles  inboard  of  the  wing  tip  pods,  which  are  fed  by  engine  bleed  air.  So  the  maximum 
available  control  thrust  depends  on  the  engine  conditions. 

The  main  forces  resp.  moments  about  the  roll  axis  are: 

- Aerodynamic  Moment.  This  includes  all  aerodynamic  forces  acting  on  the  aircraft  hull  due  to  the 
external  flow  field. 

Rolling  moments  due  to  the  lift  engines  inlet  flow,  acting  at  the  intake  contour  and  adjacent  fuselage 
surface. 

Moments  of  inertia  due  to  roll  accelerations. 

- Rolling  moment  due  to  Bleed  Control  Thrust. 

(See  also  Figure  7.) 

From  the  flight  test  data  (Figures  4 and  5)  the  aerodynamic  rolling  moment  was  evaluated,  its  time  history  is 
shown  in  Figure  8.  It  indicates  a heavy  negative  rolling  moment  during  the  whole  period  with  exception  of  two 
seconds  at  1782,  where  a rather  small  yaw  angle  coincides  with  full  opposite  aileron  deflection. 

In  order  to  give  an  impression  of  the  magnitude  of  the  different  rolling  moment  contributions,  for  some  points 
a rolling  moment  breakup  is  given  in  Figure  9.  The  maximum  available  reaction  control  rolling  moment  is  set  equal 
to  100  in  this  figure. 


4.  WIND  TUNNEL  TESTS 

The  wind  tunnel  model,  which  was  used  to  study  these  jet  effects  several  years  before  the  flight  tests,  is  shown 
in  Figure  10.  It  is  mounted  in  the  open  test  section  of  the  DFVLR  Low  Speed  Tunnel  at  Porz-Wahn  (3,28  x 2,33  m1 
test  section  size).  The  model  scale  is  1:10. 

Figure  1 1 shows  the  design  principle  of  this  model.  A three  channel  support  sting  was  mounted  in  the  wind 
tunnel  test  section  by  a wire  suspension.  Compressed  air  was  fed  through  this  sting  to  the  engine  nozzles,  which 
were  mounted  at  the  front  end  of  the  sting.  The  upper  channel  led  the  air  to  the  lift  cruise  engine  nozzles,  while 
the  two  lower  channels  feed  the  lift  engine  nozzles. 

The  complete  hull  of  the  model  is  put  around  this  sting-nozzle  arrangement  without  touching  it.  The  hull  is 
connected  to  the  sting  via  a six  component  strain  gauge  balance.  The  gaps  between  hull  and  nozzles  are  sealed  by 
a very  thin  rubber  foil. 
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In  this  arrangement  the  strain  gauge  balance  measures  the  aerodynamic  forces  acting  on  the  model  hull  while 
the  sting  directly  carries  the  thrust  load  of  the  jets.  So  it  is  possible  to  study  the  influence  of  the  jets  on  the 
external  flow  around  the  model  without  interaction  of  the  jet  momentum  force. 

Figures  12  and  13  show  the  model  in  the  wind  tunnel  test  section.  Visualisation  of  the  lift  engine  jets  is 
obtained  by  injection  of  water  into  the  air  supply  tube. 


Due  to  the  wind  tunnel  equipment  and  the  simple  model  design  the  use  of  full  size  jet  temperatures  was  not 
possible.  In  fact  all  tests  were  done  simply  with  cold  compressed  air.  So  some  thoughts  on  the  correct  scaling  of 
the  nozzle  exit  velocities  resp.  the  nozzle  pressure  ratios  were  necessary. 

Theoretical  considerations  and  preliminary  wind  tunnel  tests  with  extensive  variation  of  tunnel  speed  and  jet 
speed  showed  that  the  ratio  of  jet  momentum  and  free  stream  momentum  is  the  most  important  scaling  parameter 
for  the  influence  of  the  jet  on  the  external  flow  field.  This  momentum  ratio  was  defined  as 


where  E indicates  the  nozzle  exit  flow  and  °°  the  free  stream.  In  the  case  of  supercritical  nozzle  pressure  ratio 
a pressure  term  must  be  added  to  the  exit  momentum. 


A typical  test  result  of  this  model  is  shown  in  Figure  14.  The  rolling  moment  coefficient  is  plotted  against  the 
angle  of  yaw  for  different  momentum  ratios.  The  momentum  ratios  refer  to  the  cold  nozzle  of  the  lift-cruise  engine; 
the  other  nozzles  are  adjusted  analogous  to  normal  relative  engine  conditions  in  flight. 

The  highest  momentum  ratio  of  433  refers  to  a flight  speed  of  38  knots,  the  lowest  value  (15)  to  about  190 
knots 

The  rolling  moment  due  to  sideslip  increases  rapidly  with  increasing  jet  momentum  up  to  a momentum  ratio 
of  57,7,  i.e.  down  to  a flight  speed  of  about  1 10  k*ots.  With  momentum  ratios  beyond  this  value  the  rolling 
moment  coefficient  again  decreases.  This  clearly  indicates  a critical  flight  region  in  the  vicinity  of  100  knots  and 
slightly  below.  At  higher  speeds  the  aileron  is  strong  enough  to  control  the  effects  and  at  much  lower  speeds  the 
rolling  moment  is  easily  controlled  by  the  reaction  control  system. 

This  model  and  the  associated  test  technique  proved  highly  successful.  About  10  test  programs  with  a total  of 
about  1500  wiiJ  tunnel  hours  were  performed.  The  results  of  this  wind  tunnel  programme  were  used  as  a basis  for 
the  development  of  the  aircraft  automatic  attitude  control  system  and  for  pilot  training  in  the  VAK  191  B-Simulator. 


5.  COMPARISON  FLIGHT  TEST  - WIND  TUNNEL  TEST 

From  the  wind  tunnel  test  results  the  aerodynamic  rolling  moment  coefficient  was  extracted  for  the  flight  and 
; engine  conditions  occurring  during  the  discussed  period  of  Flight  Test  Operation  2067.  In  Figure  1 5 the  aerodynamic 

rolling  moment  is  plotted  against  time;  the  wind  tunnel  test  results  are  represented  by  the  crosses  and  the  continuous 
line.  The  circles  indicate  the  results  evaluated  from  the  flight  test,  which  were  already  shown  in  Figure  8. 

s 

Flight  test  and  wind  tunnel  results  compare  very  pleasantly  over  the  greater  part  of  the  observed  period  but  a 
few  flight  tes*  points  are  very  far  away  from  the  wind  tunnel  results.  A glance  at  the  bank  angle  time  history  shows 
that  these  .uoments  coincide  with  large  bank  angle  accelerations.  Under  ',ucl>  conditions  minor  errors  in  the  syn- 
chronisation or  inaccuracies  in  the  evaluation  of  roll  acceleration  (twofold  differentiation  of  bank  angle)  can  produce 
very  large  errors  in  the  evaluation  of  the  aerodynamic  rolling  moment.  So  one  should  better  forget  these  parts  of 
the  time  history  and  believe  in  the  wind  tunnel  results. 

With  the  combined  results  of  wind  tunnel  tests  and  flight  tests  a simulation  programme  was  run  on  the  com- 
puter to  fix  flight  boundaries  for  yaw  angle  in  transition  flight.  These  boundaries  are  plotted  in  Figure  16.  it  was 
assumed  that  50%  of  the  available  reaction  control  thrust  are  allowable  for  compensation  of  the  roll  moment.  So 
a sufficient  margin  of  control  thrust  is  available  for  manoeuvres. 


6.  CONCLUSION 


The  evaluation  of  the  transition  flight  corridor  during  the  VAK  191  B flight  tests  demonstrated  the  restriction 
of  this  flight  corridor  by  yaw  induced  rolling  moments,  which  were  predicted  of  a similar  magnitude  by  early  wind 
tunnel  tests.  The  technique  used  for  this  extensive  wind  tunnel  programme  proved  very  successful  and  not  too 
expensive.  The  results  are  in  good  conformity  with  the  flight  test  results. 
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The  sensitivity  of  jet  supported  VTOL  aircraft  against  yaw  angles  during  their  transition  flight  may  lead  to  the 
use  of  a “p’dal  pusher”  analogous  to  the  stall  avoiding  stick  pusher  in  conventional  aircraft. 
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VAK191B  Flight  Test  2067 
Calibrated  Flight  Test  Results 


Figure  5 
Ex  1 -74/5 
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VAK  191 B Flight  Test  2067 
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Engine  Conditions 


Figure  6 


Lift  Engines 
Inlet  Momentum 

\ 


Side  Wind 
Direction 


0 


Moment  of 
Inertia 


Reaction  Control 
Thrust 


Aerodynamic 
Rolling  Moment 


Parameters  : 

Airspeed 
Angle  of  Yaw 
Angle  of  Attack 
Engine  Thrust 
Nozzle  Deflection 
Aileron  Deflection 


Rolling  Forces  due  to  Sideslip  in  Transition 


Figure  7 


Aerodynamic  Rolling  Moment 
Flight  Test  Evaluation 


Bleed  Control  Rolling  Moment:  = 100 

(Maximum  available) 


Time 


Rolling  Moment  due  to: 

Lift  Egines 

Bleed  Control  Intake  Momentum  Inertia 


176 1 

I - 100 

1782 

♦ 100 

1783 

♦ 44 

1786 

♦ 57 

1788 

♦ 100 

Aerodynamic 

Moment 


- 2 


♦ 30 


- 33 


- 34 


- 71 
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Figure  9 
Exl  - 74/9 


Jet  Induced  Down  wash  Wind  Tunnel  Model 
DFVLR  Low  Speed  Tunnel  (2,3  x3,3  m2) 
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Wind  Tunnel  Model  for  Jet  Induced  Downwash  Effects 
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Typical  Wind  Tunnel  Test  Result 

Rolling  Moment  (CsSJO0,  at  =12°) 

Figure  14 
Exl  -74/14 

Comparison  between  Flight  Test  Results  and 
Wind  Tunnel  Tests 
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k METHOD  TOR  THE  CALCULATION  OP  THE  PLOW  PI  ELD  INDUCED  BY  A JET  EXHAUSTING  PERPBIDICULARLT 

INTO  A CROSS  FLOW 

by 

H.  Sael 

National  Aaroapaca  Laboratory  MLR 

Anthony  Fokkerwag  2,  Amsterdam  1017,  Netherlands 


SUMMARY 


A daaoription  ia  givan  of  a mat  hod  for  tha  calculation  of  tha  potantial  flow  fiald  anting  from 
tha  intaraotian  of  a turbulant  jat  with  an  uniform  fraa  stream.  Tha  method  ia  applied  to  tha  caaa  of  a 
jot  parpamdioularly  into  a croaa  flow. 

Tha  baaia  of  tha  method  la  a semi-empirical  aodal  for  tha  jat  development.  Tha  nodal  aaaunaa  tha 
jot  to  antrain  fraa  atraaa  naaa  togethar  with  ita  fraa  atraam  nonantun.  Tha  daoay  of  axial  velooity  in 
tha  jat  ia  uaad  aa  empirical  input.  Tha  goonatry  of  tha  jat  surface  and  jot  antrainaant  follow  fron 
tha  nodal. 

Tha  vo loci ty  potantial  outaida  the  jat  ia  rapraaantad  in  tama  of  a diotribution  of  oonatant 
atrongth  aourca  panala  on  the  jat  aurfaca.  A aat  of  quadratic  aquationa,  daacribing  naaa  and 
mceiontun  tranafar  fron  tha  exterior  flow  to  tha  jat,  conaiatant  with  aquationa  uaad  for  tha  jat  nodal, 
yialda  tha  normal  velocity  diatribution  and  tha  aourca  atrangtha  of  tha  aurfaca  panela.  Praaaura 
distributions  on  a flat  plate  fron  which  tha  jat  exhauata  are  calculated. 
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1.  INTRODUCTION 


Interaction  effecta  between  turbulent  jeta  and  free  streams  may  contribute  significantly  to  tha 
praaaura  distributions  on  aircraft  structures  from  which  the  jeta  are  blown.  The  objective  of  tha  present 
paper  ia  the  construction  of  a method  for  the  calculation  of  the  flow  fields  arising  from  jat  to  fraa 
stream  interaction. 

Tha  jat  properties,  i.e.  the  jet  trajectory,  growth  of  the  cross  sectional  area  and  tha  entrainment, 
are  calculated  from  a semi-empirical  jet  model,  outlined  in  section  2.  The  flow  outside  tha  iet  boundary 
ia  assumed  to  be  potential  flow,  linked  to  the  turbulent  jet  flow  by  the  normal  velocity  distribution  on 
tha  jat  boundary.  The  velocity  potential  ia  expressed  in  terms  of  a distribution  of  conatant  strength 
aource  panels  on  the  jet  surface.  A set  of  quadratic  equations  for  the  normal  velocity  distribution  is 
derived,  daacribing  mass  and  momentum  tranafar  from  the  exterior  flow  to  the  jat.  The  equations  are 
consistent  with  those  used  in  the  jet  model.  The  normal  velocity  distribution  ia  written  as  a set  of 
truncated  Fourier  series,  diacretized  with  respect  to  the  surface  panels.  The  equations  are  solved  for 
tha  Fourier  coefficients  of  the  normal  velocity  distribution,  and  the  source  strengths  of  the  surface 
panala  follow  from  a system  of  linear  algebraic  expressions. 

The  mathod  will  be  derived  for  the  case  of  a round  turbulent  jet,  exhausting  perpendicularly  from 
a plate  into  a uniform  cross  flow.  This  particular  configuration  was  chosen  for  the  reason  that  it  has 
bean  uaad  in  nearly  all  of  the  published  experimental  work  on  the  subject.  The  measured  jet  development, 
as  wall  aa  measured  pressure  distributions  on  the  flat  plate  from  which  the  jat  exhausts,  have  been  published 
in  numeroua  papers  and  may  be  compared  with  theoretical  results.  The  flow  'laid  resembles  that  occuring 
in  tha  transition  flight  of  V/STOL  configurations  with  lift  jets,  blowing  from  the  wings. 
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2.  THE  JET  MODEL 

2.1.  Physical  description  of  s Jst  in  a cross  flow 

Consider  s jet  exhausting  with  uniform  velocity  from  a circular  orifice  with  diameter 

into  a uniform  cross  flow  of  velocity  , perpendicular  to  Wj  . The  jet  orifice  is  coplanar 

with  an  infinitely  large  plate  in  the  x,y  plane.  The  co-ordinate  systems  and  the  geometry  of  the 
configuration  are  defined  in  figure  1. 

Immediately  downstream  of  the  orifice,  a turbulent  mixing  region  develops  at  the  jet  circumference. 
This  region  spreads  inward  and  outward,  and  at  seme  distance  from  the  orifice,  the  entire  jet  cross 
section  becomes  part  of  the  turbulent  mixing  region.  At  distances  from  the  orifice  smaller  than  where 
turbulent  eddies  of  opposite  sides  meet,  a part  of  the  cross  section  has  not  yet  experienced  turbulent 
mixing.  The  more  or  less  cons  shaped  region  composed  by  these  parts  is  usually  called  the  potential  core 
region.  The  velocity  here  equals  the  jet  efflux  velocity  tlj  , if  the  jet  to  cross  flow  velocity  ratio 
ftallj/Uais  not  too  small.  Let  length  along  the  jet  axis  be  measured  by  S , and  the  length  of  the 
potential  core  region  be  denoted  by  s«  . The  jet  flow  region  with  S>s*  will  be  called  the  fully 
developed  region.  The  maximum  velooity  XI m in  the  cross  sections  in  this  region  decreases  with 
increasing  s . 

The  jet,  exhausting  perpendicularly  to  the  cross  flow,  is  deflected  in  cross  flow  direction.  This 
means  that  the  cross  flow  exerts  a force  on  the  jet,  or  in  other  words,  that  momentum  is  transferred 
from  the  cross  flow  to  the  jet.  The  cross  flow  also  deforms  the  cross  sectional  shape  of  the  jet  into 
a kidney  like  shape,  as  indicated  in  figure  1.  In  the  downstream  ends  of  this  shape,  a contra  rotating 
vortex  pair  develops,  visualized  with  smoke  by  Hacket  and  Miller  (ref.1).  The  vortex  pair  enhances  the 
entrainment,  by  turning  back  a part  of  the  cross  flow  passing  by  the  sides  of  the  jet,  to  be  entrained 
at  the  downstream  side  of  the  jet. 

Keffer  and  Baines  (ref. 2)  observed  that  the  deformation  of  the  cross  section  is  completed  at  the 
end  of  the  potential  core,  the  shape  being  preserved  in  the  fully  developed  region  of  the  jet  flow.  They 
introduced  a natural  system  of  co-ordinate  axes  in  the  cross  section,  defined  as  follows.  The  ^ -axis 

is  the  locus  of  points  of  maximum  velocity  along  lines  of  constant  y J',“  — 

H axis  is  also  defined  in  the  cross  sectional  plane,  such  that  s , 
orthogonal  ay ■ tern  of  axes. 

Let  M be  the  s -component  of  velocity  in  the  jet  flow  region, 
cross  section  at  $ . Measurements  of  Keffer  and  Baines  (ref. 2)  show 


in  the  cross  sectional  plane.  The 
^ and  ri  form  a curvilinear 


and  XCn(^)  its  maximum  ij 
that  the  value 


naximum  in  a >. 
of  (U-XW/IXU-XU) 

. is  the  value  of 

^ where  equal  e”i/?,  and  the  differences  Xl-XUe  are  algebraic  differences. 

Figure  2 shows  the  measured  velocity  distribution,  taken  from  ref. 2.  The  distribution  co-incides  with 
the  velocity  distribution  in  a jet  exhausting  into  a stagnant  medium. 


on  the  ® axis  is  a function  of  only,  independent  of  and  R . 4,/. 

i . 3 v,*,  x ^ 


2.2.  Main  assumptions 

The  measured  velocity  similarity  along  the  ^ -axis 

.((£■) 

is  generalized  to 

XjU-XU  W*' 

for  all  R % 

i.e.  it  is  assumed  that  velocity  similarity  also  exist  with  respect  to  the  -axis.  It  the  cross 
sectional  shape  is  preserved  for  5^5*  , (l)  can  be  transformed  into 


(D 


« [ (£  ja.) 
XU-XU  T1  ' /r  Wn  / 


(2) 


if  ft  is  the  cross-sectional  area.  The  function  f4  may  still  depend  on  R , since  the  cross  sectional 
shape  depends  on  R .In  fact,  the  shape  remains  circular  for  R 3 oo 

The  mass  flux  Q and  the  momentum  flux  M through  the  jet  cross  sections  can  be  expreesed  in 
terms  of  R and  Urn-Xi*.  as  follows 


with 


<?»J^UdR  = R[(Us-U^)Tt  +UU.1 

M=  ftU'dA  = fl  + aCUm-UjT,  + U.] 

n 


(3) 

(4) 

(5) 

(6) 
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The  valu*  of  the  form  factors  F,  and  Fa  ar»  independent  of  s for  - It  will  now  be  assumed  that 

those  values  do  not  depend  on  £ either,  and  consequently  may  be  computed  from  free  jet  data. 

In  the  potential  core  region,  the  expressions  (3)  and  (4)  may  still  be  used,  but  F,  and  Fa  must 
change  with  s , from  their  initial  value  of  1 (uniform  outflow)  to  their  respective  values  at  the  end 
of  the  potential  core.  Let  the  constant  values  of  F-,  and  F|  in  the  fully  developed  region  be  denoted 
by  and  . In  the  potential  core  a relation  F,»  p(f,)  must  exist,  satisfying  Fa  » j for  F,  * 1 
and  Fa.Flc  for^«T;c.  From  (2),  (5)  and  (6)  it  follows  that  also  must  be  satisfied  F,  ~Z-  Ta  l^F,1 
Ne  will  prescribe  for  S < 5* 

Fa  =T/  , Ot  = T=ac/€*,^c  (7) 

which  satisfies  all  conditions  if  1 <■  1 .In  ref.  3 the  numerical  values  of  F1c  and 

were  calculated,  using  Tollmien's  (ref. 4)  velocity  profile,  to  be  : 


Fic  = 0.196  , 


so  that 


Assumptions  are  also  necessary  with  regard  to  the  mechanism  which  deflects  the  jet  axis.  Let  the 
jet  axis  be  defined  to  be  everywhere  parallel  to  the  direction  of  the  jet  momentum  flux.  The  deflection 
of  this  flux  is  assumed  to  be  due  to  both  entrainment  of  free  stream  mass  with  its  associated  free 
stream  momentum  (in  x-direction)  and  the  action  of  a drag  force  perpendicular  to  the  jet  axis.  This  is 
the  most  general  formulation  of  the  deflection  mechanisms  used  by  other  authors.  It  is  argued  in  ref. 3 
that  ths  dragforce  is  associated  with  a wake  region  behindthe  jet,  resulting  from  flow  sepuration. 
Separation  will,  however,  be  much  less  severe  than  in  the  case  of  flow  past  a solid  obstacle,  due  to  the 
sink  action  of  entrainment  and  the  action  of  the  contra-rotating  vortex  pair. 

In  the  following  chapter,  equations  will  be  derived  for  the  jet  properties  using  the  general 
formulation  for  the  deflection  mechanism.  Under  the  assumption  that  the  influence  of  the  drag  force  is 
restricted  to  a region  of  the  jet  with  length  of  the  order  of  the  potential  core  length  (where 
separation  may  be  significant),  it  will  be  shown  that  the  drag  force  term  in  the  equations  may  be 
neglected  for  larger  values  of  £ . 

2.3*  The  jet  equations 

The  basic  relations  governing  the  jet  flow  are  the  equations  of  conservation  of  mass  and  momentum. 
Since  the  complete  equations  describing  turbulent  flow  cannot  be  Bolved  in  detail,  use  will  be  made  of  the 
integrated  form  of  the  equations,  the  integrals  extending  over  the  jet  cross  sections.  The  equation  of 
conservation  of  mass  express  the  fact  that  the  jet  surface  is  not  a Btreamtube.  In  fact,  this  equation 
may  be  regarded  as  a definition  of  entrainment,  stating  that  the  rate  of  increase  in  mass  flux  equals 
the  local  entrainment.  Using  (3)  one  obtaine 


- U-  «L  [£(?,&  41)] 


u = (9) 

AX  *• 

The  integrated  momentum  flux  changes  due  to  momentun  entrainment  and  the  action  of  the  drag 
force  D.  With  the  jet  angle  © as  defined  in  figure  1,  we  have 

= 1 D cose  do) 

j-(H  cose  ) = - D st*  e (11) 

D is  sxprsssed  in  the  conventional  way  in  terms  of  a drag  coefficient  Co  and  the  cross  flow  component 

/liwcose  normal  to  the  jet.  /rt  is  taken  as  a measure  for  the  width  of  the  jet 

D=  cd  itii  cos’-efR  (12) 

For  M in  (10)  and  (11)  the  expression  from  (4)  can  be  substituted.  The  equations  can  be  written  in  non- 

dimensional  form.  A and  Q are  divided  by  their  respective  initial  values  Rg  and  , S is 

divided  by  dg  . Relation  (8)  iB  used  both  in  its  differential  form  as  in  integrated  form.  One 
arrives  at  the  following  set  of  equations 

cose  (.Ft  IX1  -t-  lT,  U -t-  i ) =.  R a_  jW  cos’e  Stan  e d 


fL  bivt  © ( F1/U.1+-  lF,  U + i ) = ^ ( F,  U + i ) — R +- 

S4*.  /— 

+.  f Si*.  v/fT  0.05^0  d ( i/dg) 

l Vrr  V f»« 


E = - (Fi  U+  l)l 

Qe  d(5 /d.-)  R d C s/de')  1 % K J 
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& = ('F-.fl-H  ) (16) 

The  relative  na&iitude  of  the  c0  terns  will  now  be  analysed  for  the  potential  core  region.  For 
equation  (13)  one  should  compare  the  change  in  s-mooentum  relative  to  its  initial  value,  or 

In  ref. 3 an  asymptotic  solution  for  large  R is  constructed  for  the  potential  flow  region.  It  is  shown 

that  9,  = 0(l/R)  , S./d®  = 0(0  ■,  fWRe  - O(l)  and  Oa/(Pt-OC  O 

x/C^e-OiV^)  (17) 

For  equation  (14)  the  magnitude  of  the  Cp  term  has  to  be  compared  to  the  magnitude  of  the 
entrainment  term,  Oie  obtains,  using  (16) 

£££.  ■ [f -t  *)  - 01 1/0  «•> 

Hie  more  detailed  asymptotic  analysis  in  ref. 3 shows  that  the  C»  term  has  its  most  important  influence 
on  ©B  , where  Q,  appears  in  the  0(t/Rl)  term.  For  Hfi/Rg,  , ■*“*  S*/d*  , CD 

appears  first  in  the  OCVB})  term.  Beyond  the  potential  core  it  was  assumed  that  C0  loses  it  significance. 
For  those  reasons  Co  has  been  neglected  in  this  study.  Comparison  of  calculated  and  measured  jet 
properties  will  show  that  this  yields  good  results  for  R larger  than  about  6.  WithcD.=  o , equations  (13) 
and  (14)  reduce  to  algebraic  equationc. 

2.4.  Ehipirical  input 


Counting  the  number  of  unknowns  and  the  number  of  available  equations  reveals  that  both  in 
the  potential  core  region  as  in  the  fully  developed  region,  the  set  of  equations  is  not  complete. 

In  the  potential  core  region,  F,  , , R/Re,  Q/Ce  and  0 are  unknown  functions  of  S , while  42«.R- 1 

is  known.  Equations  for  this  region  are  (7),  (13),  (14)  and  (16).  In  the  fully  developed  region 
fVR«  , Q/Qc , 0 and  CL  are  to  be  determined  as  functions  of  S , from  equations  (13),  (14)  and  (16) 
with  F(  = F^  and  F, »F1=  . Only  at  , where  F,c  ,T*»Flo  and  equations  (13),  (14) 

and  (16)  form  a closed  set  of  three  equations  for  A&/Re  , and  ©a.  However,  the  value  of 

SR/d®  is  another  unknown. 

The  missing  equation  is  basically  an  expression  for  the  entrainment  E as  a function  of  S/d® 
if  Rs/4,)  is  known  for  all  the  equations  can  be  solved  in  both  regions,  using  (15)  as  an 

extra  equation.  The  length  of  the  potential  core  can  also  be  calculated,  by  equating  QLSm.  /Qt. 
from  integration  of  (15)  with  Q%(G)z.  from  ( 1 3) , (14)  and  (16). 

For  the  potential  core  region  an  expression  for  E(s/d*)  will  be  derived  using  physical 
arguments.  It  is  assumed  that  the  entrainment  in  this  region  can  be  written  as  the  entrainment  Eo 
in  the  potential  core  region  of  a free  jet  (R  > oo  ) plus  a contribution  of  the  contra-rotating  vortex 
pair.  This  last  contribution  will  be  shown  to  behave  like  l/R  . Mathematically,  the  resulting  formula 
can  be  interpreted  as  the  first  two  terms  of  an  expansion  of  E for  large  R.  The  R - OO  contribution  is 
assumed  to  be  a function  of  integer  powers  of  the  SAig  only,  and  to  satisfy  the  following 
requirements,  i)  E©  increases  with  increasing  s/dt  ' **)  Eo(o)  ■ 0.128  (see  ref. 5), 
in)  EoCS*/d.}  * 0.32  (see  ref. 6)  and  iv)  J* (s/d*)  d _ ± 

since  for  R — m oo  Qa/<J>*  m T,c  /F*c  follows  from  (13),  (14)  and  ( 1 6 ) . In*ref.3  it  is  shown  that 

Fo(  s/d*")  is  uniquely  determined  by  these  requirements  if  only  two  powers  of  s/J®  are  used. 
The  resulting  expression  reads  i 

EoCs/d.)  = o.ia.8  4-  io‘s  Ll-1^6  Cvd*)1  + o.6i  6 (vd,)’ ] (19) 


The  vortex  contribution  to  the  entrainment  is  assumed  to  be  proportional  to  the  vorticity  in 
e-direction  produced  by  the  cross  flow  interaction  with  the  jet.  The  vorticity  produced  per  unit 
of  length  equals  the  component  in  the  cross  sectional  plane  of  the  velocity  difference  between  jet  and 
cross  flow.  Let  (d£?/ds  be  the  vorticity  contribution  to  the  entrainment,  then 


iAim 

constant  . da  J Uoo  “S© 


( _L  dO  >1-  C 2.  ^ C.  s_ 

0r  l <Pe  d5fe)v  R d®  ~ R «»«  (?0 

since  cosG  /%  1 in  the  potential  core  region.  The  entrainment  formula  for  the  potential  core  region 

then  reads 


1 A.  iQ  _ 
,=  (PadCs/d,)" 


ECs/d* 


o.  428  + 10~H  tirbCs/de)2*  aloibk/ttf]  4-  f- 

K 


(21) 
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Taking  tha  constant  of  proportionality  C in  (21)  aqual  to  1.273,  calculatad  valuaa  of  i*/de  natch 
nail  with  measursments,  aa  is  demonstrated  in  figure  3. 

Por  tha  fully  davalopad  ragion  tha  foragoing  arguments  do  not  apply.  Tha  functional  bahariour  of 
tha  antrainnant  cannot  ba  dascribad  with  any  dagraa  of  cartainty  in  this  ragion.  Many  diffaront 
antrainnant  Auctions  hava  baan  postulated  by  different  authors,  but  none  have  bean  directly  compared  with 
measured  mass  fluxes.  Usually,  sons  parameters  in  tha  antrainnant  funotions  are  detemined  by  natohing 
calculatad  and  measured  jet  trajectories.  This  is  basically  not  correct , due  to  a different  definition 
of  calculatad  and  measured  trajectories. 

If  antrainnant  is  to  ba  used  in  tha  calculation  of  tha  induced  flow  field,  as  is  tha  case  in  thin 
study,  it  seams  preferable  to  use  different  enpirical  input.  Tha  (ae Mured)  dec^r  of  axial  Telocity 
along  tha  jet  axis  will  ba  used  hare.  There  are  sufficient  velocity  daosy  data  available  in  tha 
literature  to  make  this  feasible.  Por  R values  not  oovered  by  measureaants,  decay  curves  can  ba 
constructed  by  interpolation,  or  numerical  reasons,  an  analytical  fit  to  tha  neaaurenente  is  used  of 
the  form 


-Uj-lU 


fu/J.) 


S>s. 


2.5.  Solution  of  tha  jet  aquations 

Equations  (7),  (13),  (14),  (16)  and  (22)  are  to  ba  solved  for  tha  potential  oore  ragion. 
Integration  of  (22)  yialda  Q/Qt  « 

■°“*4  + ^(4)-]  * &(£)’ 

for  ^ Sa/d* 


Tha  potential  core  length  can  be  calculatad  next,  (13),  ( 14)  (with  CB  . o)  and  (16)  are  aolvad  at 
S >5  « ( “Ue,  « ) T,  • "F<0  m 0 f or  R a/fl*  , © t Qa  / Qe 

yielding  for 

_ P.  1 - Pa*'  - Pn’)  \ = RfCR-OF^,  l] (24) 

0*  ’ (R-Oa  Fae  ■*  aCR-OPic  + 1 

Combination  of  (23)  for  and  (24)  gives  a relation  for  S-  , which  is  solved  numerically.  Por 
S*  S*  , the  trajectory  angle  0 follows  aftsr  dividing  (14)  through  by  (l 3)  i 


©a  arxstan 


while  the  jet  spread  as  meMured  by  P/fle  follows  numerically  from 

, which  results  from  combination  of  (7),  (13),  (l6)and  (25). 

Por  the  fully  developed  region,  equations  ( 1 3) , (14),  (16)  and  (22)  have  to  ba  solved,  with 
C,aO  , F,  , j - Tlc  . Oia  obtains 

Q _ P (rVr^+I-P1  ' - P)  U ?-  R l)  , . 

<?«  “ R^P5  Ct%^*«W5c  + i (27) 


A - R Q/Qa 


arctan  0] 
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•Ails  'll  * (R-1 ) lU-tU  _ (R-i) 

il;  - Ho.  V.  S / 

is  known  from  (22).  The  entrainment  follows  frost  its  definition  (15)  after  differentiation  of  (27) 
p = J_  ^Q_  _ d p -a 

^ed<:s/d*)  yj  R^+t-  P1'  CRa-Pa)X  dCs/de> 

+■  FQ  j£ 

dC*d‘;  4 a ?1e  a + i dCs/d.) 

The  jet  trajectory  finally  follows  by  numerical  integration  (Simpson's  rule) 


of  dfe/ds)  = Cos©  d (*/dg)  _ (31) 

d ( 5/d.)  5 a (S/de) 

with  0 ( s/d*)  from  (25)  and  (23)  for  S^Sr  , from  (29),  (27)  and  (22)  for  S>Sr 

2.6.  Comparison  with  measurements 

In  figure  3,  calculated  values  of  Sa/da  are  compared  with  measured  values,  for  a wide 
range  of  R values.  Agreement  is  satisfactory.  Figure  5 compares  calculated  and  measured  jet 

trajectories  for  some  values  of  R,  These  trajectories  cannot  be  compared  straightforwardly,  since 

they  are  given  by  different  definitions.  The  calculated  trajectory  is  defined  as  the  locus  of 
momentum  centroids  in  the  subsequent  cross  sections,  while  the  measured  trajectory  is  the  locus  of 
points  of  maximum  velocity  in  the  cross  sections.  Those  points  do  not  ooincide  due  to  the  deformation 
of  the  cross  section.  If  the  shape  of  the  cross  sections  and  the  velocity  distribution  are  known, 
the  distance  between  the  two  trajectories  can  be  calculated.  To  estimate  this  distance,  the  cross 
sectional  shape  given  in  figure  4 has  been  used.  It  is  an  ellipse  in  an  elliptical  coordinate 
system,  resembling  the  shape  of  the  high  speed  region  of  the  jet,  measured  by  Endo  and  Nakamura 
(ref. 7).  An  axes  ratio  of  3.5  has  been  chosen,  such  that  the  ratio  of  circumferential  length  and  the 
square  root  of  the  cross  sectional  area  equals  4.6,  a value  measured  by  Flatten  and  fcffer  (ref. 8). 

A Tollmien  velocity  distribution  has  been  assumed  for  both  the  and  -he  n axiB.  The  resulting 
expression  for  the  distance  between  the  two  axes  is  (see  ref. 3)^*  1 


Xc  _ ^ [ U*  + 8.3  U v Si  I 
”37  = a 2S  /G1  + 410  0,  4.  310  * 


(32) 


This  formula  is  used  to  correct  the  calculated  trajectoxyj  the  corrected  trajectory  is  also  given  in 
figure  5.  Although  (32)  is  only  a crude  estimate,  the  corrected  trajectories  comoare  very  well  with  the 
measured  one  a, especially  for  higher  values  of  R. 

In  figure  6 calculated  and  measured  jet  spread  are  compared.  The  measured  values  are  taken  from 
refs. 2 and  7,  where  fe^/de  values  are  given.  Calculated  values  of  for  should 

be  proportional  to  ^i/j/da  I ihe  measured  values  have  been  multiplied  by  a constant  to  match 

at  S«  . Agreement  is  satisfactory. 

Keffer  and  Baines  (ref. 2)  give  measured  values  of  an  entrainment  coefficient,  which  will  be 
denoted  here  by  E*  , defined  as 


d*  q/p  - lioo  s£  y/fl"’ 


where  Sic  equals  the  ratio  of  the  circumference  of  the  cross  section  and  Vfl"*  . To  determine  Q and  A 
from  measurements,  the  velocity  profiles  were  cut  off  in  ref.  2 where  ( U - tl «/)  / ( Urn-  tl„ ) = 0.  \ 

Using  S ftzxA.fa  , as  reported  by  Platten  and  Keffer  (ref  .8)  , E ( s/dt)  can  be  expressed  in  terms  of  E, 
by 


E(s/d«),  -5-  ^2— 

* C?a  dtS/da) 


- R 1 


In  figure  7,  calculated  values  of  E(s/d»)  for  R - 6 and  8 are  compared  to  values  following  from  the 
above  formula  with  from  ref . 2 for  R . 6 and  8.  Q/Qa  and  have  been  taken  from  the 

calculations.  The  agreement  in  form  of  calculated  and  measured  entrainment  curves  is  satisfactory 
although  an  appreciable  difference  in  level  exists.  This  can  probably  be  attributed  to  the  cut  of  the 
measured  velocity  profile,  as  mentioned  above. 

value.Aof°rt/nreCw  tCb*°k  °"  ^ 1?Cre“®  °f  the  ma8B  flow  can  be  obtained  ^ cosipwing  calculated 
values  of  Q/cJe  measured  values  from  Kamotani  and  Greber  (ref., 9).  Kamorani  and  Greber  use  the 

!rcaTJe°fhor  Sat0nJ°(Uth'U  Vl'V*  “ K9ffer  and  BaineB-  ABBumln«  a Tollrolen  velocity  profile 

ihould  H U")  ls  cut  ofTat  lta  0.1  value,  the  mass  flux  relation  (16) 

should,  m the  fully  developed  region,  be  replaced  by  ' ' 


Q.  = 


•■=  [Cr-O  f,  ( •)  + 0.  si 
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where  fi  m 0.183,  and  ft/fl*  is  the  cross  sectional  area  baaed  on  Tollmien'e  distribution,  cut  off 
at  (U-  - C.O  .In  figure  8,  mass  flow  values  calculated  front  this  formula  are 

compared  to  the  measured  values  of  ref.19,  for  R « 6 and  8.  In  contrast  to  figure  7,  the  calculated 
entrainment  values  now  appear  to  be  lower  than  the  measured  values  of  Kamotani  and  Greber.  The 
flattening  of  the  calculated  mass  flux  curve  for  R « 6 at  higher  values  of  s/dccan  be  due  to  errors 
in  the  velocity  decay  curve  used  in  the  jet  model,  which  was  extrapolated  from  the  measurements  of 


ref. 2. 


3.  THE  POTENTIAL  FLOW  FIELD  INDUCED  BY  THE  JET 

3.1.  General  viewpoints  concerning  the  modeling  of  the  potential  flow  field 

The  flow  arising  from  jet  to  free  stream  interactions  is  assumed  to  consist  of  two  partB,  viz.  the 
turbulent  jet  flow  region  analysed  in  the  preceeding  section,  and  a potential  flow  field  surrounding 
the  jet.  This  potential  flow  field  extends  to  infinity,  where  it  satisfies  undisturbed  free  stream 
conditions.  Let  the  velocity  potential  pertaining  to  this  field  be  $ , and  the  disturbance  potential 

C p satisfies  the  Laplace  equation 

V\ p=  o | (33) 

and  if  lxl  » f/l  , l *■  00  J 

<4>  is  then  uniquely  determined  (except  for  an  additive  constant)  by  a given  distribution  of  its 
normal  derivative  &f/2>n  on  a surface  surrounding  the  turbulent  jet  flow  region.  This  approach 
is  more  general  than  using  line  distributions  of  singular  solutions  of  (33)  aung  the  jet  axis  in  an 
attempt  to  model  physically  discemable  effects  of  the  jet  (entrainment,  blockage,  vortex  pair)  as  is 
done  by  many  authors  (e.g.  refs. 9 through  11). 

.'he  problems  arising  using  the  general  approach  are  the  choice  of  the  surface  S on  which  to 
prescribe  Si f»/Sn  and  the  specification  of  3ip/Sn.  . In  this  stud'  use  will  be  made  of  the  jet 
bcundaxy  surface,  following  from  section  2.  It  will  be  shown  that  equations  (13)  and  (14)  for  the  jet 
deflection,  and  the  entrainment  relations  (21)  and  (30)  yield  information  concerning  3<p/3n 
an  this  surface. 

Some  remarks  should  be  made  about  the  assumption  that  the  flow  everywhere  outside  the  jet 
region  is  potential  flow.  This  excludes  the  existence  of  a wake  region  downstream  of  the  jet,  which 
would  result  from  flow  aspiration.  There  is  experimental  evidence  of  flow  separation  on  the  plate, 
at  the  edge  of  the  jet,  where  the  plate  boundary  layer  separates  due  to  an  adverse  pressure  gradient. 

The  ensuing  wake  region  is  not  modeled.  There  is  no  conclusive  evidence  that  Bep.iration  occurs  at 
some  distance  from  the  plate.  In  fact,  flow  measurements  by  Mehmel  (ref. 12)  suggest  that  the  flow 
does  not  separate.  It  is  indeed  concievable  that  entrainment  and  the  action  of  the  jet  vortex  pair 
are  sufficient  to  prevent  aspiration. 


3.2.  Formulation  of  the  equation  for  the  normal  velocity  on  $ 


Let  position  on  the  jet  boundary  S be  described  by  coordinates  b and  c , such  that  c 
measures  linear  distance  along  the  circumference  of  a jet  cross  section  at  distance  b along  the 
jet  axis.  Let  the  length  of  the  circumference  be  given  by 

C(s)«  (•>  C at  constant  s (34) 

A normalized  coordinate  c>  will  be  defined  by 

c'=21Tc/C(s)  , ^dc'=2TT  (35) 

Let  a(S,c')  be  the  linearizing  factor  of  the  s coordinate  on  S,  such  that  f^Cs.cOols 
measures  linear  distance  along  lines  of  constant  c'.  For  the  entrainment  of  mass  one  then  obtains  the 
following  relation 

JL  i-  UmCi.cO  C7(S  C'  )dc'  1 - -L.  413 .... 

d,  R l L /Uoo  * J"  <PedCs/c<e)  (36) 

where  U*  is  the  normal  velocity  component  on  S,  directed  into  the  potential  flow  region.  The 
transfer  of  momentum  in  x and  z directions  must  obey  the  following  relations  1 


1 Os)l 
TT*  da  R 


frr  un(s.c) 

a*<s,c) 

JU  Uoo 

Uoo 

aC  J 

- _1 


an,  _ _l  60 
'UrnOe.  d(s/de)  ~ <?a  d(s/(0 


(37) 


2.  _L 

T*  de  R 


I IT 

rrr_  ua(s,o  _ n,cs,c.oj«j(5)C.')dc'U 


1 6tU 
llJPa  dC3/da) 


V (38) 


a 
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For  tha  right  hand  aides  of  (37)  and  f 36),  uaa  has  baan  made  of  (13)  and  (14).  Tha  entrainment, 
appearing  In  tha  right  hand  aldaa  of  (36)  and  (37)  la  know  from  tha  jet  nodal.  Tha  value  of  tha  praaaura 
p la  ralatad  to  tha  local  valoottiaa  by  Barnouilll'a  lav  i 

p = constant  -(n**-  +■  uy‘  ♦ u,1)/!  (39) 

Tha  normal  velocity  on  3 la  directly  ralatad  to  fen  through 

±-  5 S (_s,c')  » u"C>tCl)  - (S.C1)  (40) 

*Ua  ^*1 

Fran  potantlal  flow  theory  It  la  known  that  U*  , Uy  ud  Uv  on  S an  linaar  funotlanala  of  tha 
diatrlbutien  of  'btf/un  on  3.  Hanoa  aquation  a (36),  (37)  and  (38)  forw  thraa  equations  (for  every 
value  of  a)  for  Un(S'C') 

Lat  tha  lina  e*  »©  ba  tha  Intaraaotioc  of  3 with  tha  plana  y«o  , facing  tha  oroaa  flow. 

It  la  aridant  that  both  jat  gaonat ry  and  tha  U*  dlatributlon  ara  symmetric  with  ragard  to  C*  *0 
and  c'.ir  for  a vary  oroaa  aactian.  Tha  quantity  Ur»C5,C')<lC  S,r-')  than  ba  wrlttan  aa  a 

Fouriar  ooaina  aarlaa  in  o'  * 


Un6,c')  a(s,c')  . ©CO  -f  X aoiCic') 

/tiao  1 i-1 


a(a)  follows  1— adlataly  from  (36) 

*s>a  " 5 -fe)  R Q.  3§73j  (42) 

whila  (37)  and  (38)  form  a aystan  of  two  aquatlona  for  tha  remaining  Fouriar  ooafflcianta  (LO  . 

It  will  ba  assumed  that  inataad  of  (41)  a truncal  ad  Fouriar  aeriaa  say  ba  uaad  for  a 
aufflciantly  ac  curat  a deaorlption  of  tha  noraal  valocity  distribution  i 

CoS  1C1  (43) 

This  azprasaicn  givaa  tha  most  important  faaturaa  of  tha  distribution)  tha  ooa  fc')  tarn  diffarantlataa 
batwaan  upatraam  and  downstramn  parts  of  tha  circumfarancaa,  whila  tha  cos(2c' ) term  diffarantlataa 
batwaan  up-  and  downatraam  parts  and  tha  alias  of  tha  circumfarenca.  Anothar  argumant  for  using  (43) 
la  that  tha  hlghar  harmonica  hava  laaa  influence  on  tha  induced  flow  field,  since  their  effects 
deoreaae  more  rapidly  with  diatance.  Finally,  the  uaa  of  higher  harmonica  would  neceaaitate  tha  use 
of  nailer  surface  panala  in  the  approximate  solution  of  tha  problem,  described  in  aactian  3.3. 

Using  (43),  equations  (37)  and  (38)  form  two  aquations  for  and  BafS)  . 

3.3.  Discretization  of  tha  aquations 

The  Neumann  problem  to  ba  aolvad  for  the  potential  flow  field  reads 


V1  IP  » O 


outside  S 


at  infinity 


* on  S 

where  f is,c')  has  to  ba  obtained  from  (37),  (38),  (40)  and  (43).  The  solution  of  (44)  may  be 
expressed  am  tha  integral  over  a diatribution  of  simple  sources  an  S.  According  to  ref. 13 

if  iff  denotes  the  velocity  potential  in  a field  point  P,sC?)the  local  density  of  the  source 
distribution  in  point  Yon  J and  (>  the  distance  between  P and YT.  The  presence  of  the  plate  ia 
accounted  for  by  using  a mirror  image  with  respect  to  * - 0 of  the  jet  surface.  Application  of  the 
boundary  condition  on  3 givaa  an  integral  equation  for  ©(  3)  i 


(!5  )«-ffc->-ir»- 


For  known  fCt.cO  , an  approximate  solution  of  (46)  can  be  constructed  by  the  method  of  influence 
coafficianta  or  panal  method,  originally  formulated  by  Hess  and  Smith  (ref.14).  The  method  approximates 
the  aurface  by  a finite  number  of  small  quadrilateral  panels,  on  each  of  which  the  source  density  <5j 
(the  index  denotes  the  panel  number)  is  taken  to  be  conataat.  Boundary  conditions  are  imposed  in  one* 
point  on  each  panel, tha  collocation  point.  The  problem  is  then  reduced  to  the  determination  of  the 
unknowns  <5;  . Equation  (46)  can  be  written  aa 

* . _ V / . . t An  \ 


where  AP.  denotes  tha  j**1  panel,  f the  value  of  in  the  ith  collocation  point. 

I*1*  fiw  t ief  ^C»  be  unit  vectors  in  x,y  and  z direction  respectively,  and  let  influence 


coefficients 


be  defined  by 


St  *x4j  t-cr  + 

P+ 


(48) 
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It  is  elssr  fro*  this  definition  that  tbs  influence  coefficients  give  ths  velocity  components  in  ths  i 
oollocstion  point!  induced  by  s souros  distribution  of  strength  on*  on  ths  y psnsl.  Bis  total  induo sd 
velocity  ffj  in  ths  ith  oollocstion  point  rsads  i 

m N N 

» **  4 Srt  i ■+  (49) 

Ths  influsnos  cosffioisnt  fttsJ,-  for  ths  normal  vslooity  oan  bs  written  as 

±-  n;.Y  ffdiPi  = + +n,.  (50) 

Ths  valus s of  ths  slanants  of  can  bs  caloulatad  by  evaluating  ths  ds fining  integrals 

numerically,  and  (47)  bscraes  a set  of  linsar  aquations  for  0} 

<5,) 

Hs  will  proossd  with  ths  dstsrsination  of  ths  boundary  conditions  f i . first  ths  fourisr 
asriss  (43)  will  bs  discrstlssd  with  rsspsot  to  ths  surfaoa  pans  Is.  Ths  jet  surf  sot  is  pansllsd  strip- 
wiss.  Lowsr  and  uppsr  bound  arias  of  ths  i^h  panal  strip  lia  in  cross-sect  local  planss  at  ■ ■ sj 
and  s - s.  rsspsctivsly.  Each  panal  in  ths  strips  rsplaoss  a part  of  3 bound  sd  in  lataral  direction 
by  linss  otconstant  c* . Only  half  of  ths  jet  (y>o)  is  paneled  , ths  othsr  half  is  takan  into 
account  bar  symmetry  conditions.  Consider  tbs  mass  flux..  through  a surface  element  bounded 

by  a.  and  s.  , c’  , and  c*  , to  bs  replaced  by  ths  j panal  of  ths  i^  ring,  (bis  has 

1 1+  I J l 

^ ds  = 

= Cfr,  -C'j  f^.alslCCs)  ds  + iun  Cp,  - r3!1  &,(s)C(s)  (52) 

•JT  J.  a TT  2. 

4 sin  ac’1+!  - Sin  lcj'  B 

atr  \s  a 

The  normal  velocity  in  the  collocation  point  of  ths  relevant  panel  will  be  taken  as  a mass  flux 
conserving  average  i 


UwCi.i")  _ -&?( i,t)  _ — n~ R d* 

‘ /iCftRpr)  a <s>e  fvpQ.t) 

Ths  firrt  integral  in  the  right  hand  aide  of  (5*)  is  known  from  (42).  In  fact  i 

= i cv/.  - ^ 

Hie  integrals  involving  and  BalSl  are  unknown.  Let  the  non-dimensional  quantities 

and  , pertaining  to  ths  i*11  ring  be  defined  by 

ft.M.  CMB^)CCi)ol5  ^ In)a 

f CCs)ds  fw,aWC«ds" 


£*U*)CCdds 


CC%)ds 

Using  (54)  and  (55) , (52)  can  bs  writtsn  as  i 


y alto  „ . *8.  d/  a r c>i  - c_!i  +. 

'll*  TT  l TT 

4 ^qV-StnC^  n ) 4 ***<&  ~ SUnac^ 

TT  0.1T  J 

ifslixl^=  5(j,t)4  ^C-ObU.t)  4 Bx(i) 

Oise 

the  definition  of  a,  ! and  of  J,  i following  from  (56).  For  the  valus  of  ("bn  • f in  the 
collocation  point  of  the  panel  of  ths  i™1  strip  we  have,  according  to  (40) 


according  to  (46) 


='3^,i)-n^)4  R,(OKCi,t)4'Batt)dC^\57) 


iUT*  * ~nJZ  — • ' ' »i57i 

The  values  of  a,  T>  vid  7 can  be  determined  from  ths  known  jst  geometry  and  entrainment. 

Equationa(37)  and  (38)  will  now  be  approximated  by  a system  of  quadratic  algebraic  quat ions 
for  the  quantities  and  "H^CO  , making  use  of  (51 ) and  (57)>  It  will  be  convenient  ts 

return  to  ths  subscript  notation  of  (51)*  The  subscript  k then  indicates  the  k**1  psnel,  which  is  Identical 
to  ths  j*h  panel  of  the  ith  strip  if  V = Ci-l)j4  V , where  J is  the  number  of  panels  per  strip, 

is  then  a different  notation  for  h (j,i). 

• Since  ths 'elements  of  the  & vector  in  the  right  hand  side  of  (51)  are  linsar  combinations  ii 
f.  (i)  and  S.(i)  according  to  (57 J « the  elements  of  ths  fit  vector  must  also  bs  linsar  combinations 
in  5^(i)  ana  5g(i).  In  fact,  one  can  wr^te  * 

= ^1  4-  ^ B,  C i ^ ms  j ( i)  4-  ^ ^ai(4)  (sBl 

where  I equals  the  total  numbers  of  strips  used  to  approximate  tbs  surface.  Prom  (51)  and  (57)  it 
follows  that  the  vectors  m^,  and  m^  are  the  solutions  of  ths  following  sets  of  linear  equations 


18-10 


21  . a^-n^i 


r , jr  RN^nij^fc)  = X{*M 

>M  3 5,(4)  i“»  ^Ba(0 


(59) 


The  column  veotora  in  the  right  hand  aidae  of  the  last  two  aquation  a of  (59)  have  noa-aaro  antriaa 
only  for  tha  alaaanta  corresponding  to  tha  k*h  panal  atrip.  The  inducad  velocity  components  in 
z,  y and  a diraotion  in  tha  oollocation  pointa  follow  fra*  (49)  aftar  aubatitution  of  «J  froai  (58). 

To  obtain  tha  total  velocity,  ti,„  should  ba  addad  to  tha  z coaponant  of  u.  Tha  resulting 
azpraaaiona  raad 


with 


Hs  . x,,  +Z  x,  («*,<«  t £ x,  (06,(0 

'LL*  1 **  ’ ■-< 

^ Yi,  ^ i ■ y.4(«5(«4 

If-i  = hm  + £ + * 

l-  6”4 


> (60) 


X,.  a If  2^  RX,j  iwj  , Xi^(fc)  - flxtj 

N 

= rRXa.»n,.(fc)  and  similar  azpraaaiona 


(6) 


for  Yt 


J 


ate. 


Equations  (37)  and  (38)  am  integrated  with  raapact  to  a,  batwaan  a and  a for  tha  i*h  pAnel  atrip. 
Tha  c’  intagration  ia  divided  in  intarvala  batwaan  o>  i and  c*^,,  correspoMing  to  tha  aurfaoa  panala  . 
A typical  integral 


iea  in  intervals  aetwaen  c . ana  c , corn 

jjl  J J^* 

J 1 |l-Uh(S,C')Ua(sscO<j(5.C,)^C,ols 


C1 

la  than  approziaatad  by  -Unf  i,t)  Ug(j.i)  RPf  j«i)  • Difficultiaa  ara  ancountarad  with  raapact 

to  tha  aurfaca  intagrala  involving  tha  praaaura  p.  Applying  (37)  and  (38)  or  thair  diacratiaad  fora 
to  a typical  panal  atrip  (aaa  figure  9)  in  a virtual  fiald  of  conatant  praaaura,  one  finda  that  both 
z and  a coaponanta  of  tha  jet  a omentum  change  due  to  preeaure  contribution.  In  reality,  praaaura 
foroea  on  tha  upper  and  lower  croaa  aectione  bounding  tha  atrip  will  balance  thie  change,  but  in  tha 
jet  nodal  thia  cannot  ba  aocounted  for.  Thus  tha  conatant  in  (39)  will  unduly  antar  into  equationa 
(37)  and  (38).  Thia  problem  ia  overcome  uaing  a modified  Jet  aurfaoa  for  tha  praaaura  foroea.  Thia 
modified  aurfaoa  ia  cylindrical,  with  azia  along  tha  tangent  to  tha  jet  azia  at  Sgv  * \ (St  a S^4,") 
Croaa  aectional  ehape  and  area  of  tha  cylinder  equal  the  ahape  and  am  of  tha  jet  croaa  aaotioa  at  5„  , 
The  modified  panal  atrip  ia  bounded  by  planea  parpandical  to  tha  cylinder  azia  at  a,  and  a.  ..  Lateral 
panal  bound arlaa  am  linaa  of  conatant  c',  at  the  aama  o'  valuaa  as  used  in  tha  original  panel 
network.  Thue  the  collocation  pointa  of  cormaponding  original  and  modifiad  panala  am  vary  cloaa.  Tha 
total  praaaura  force  on  tha  panal  atrip  acta  perpendicularly  to  the  direction  of  the  jet  azia  at  *4V  1 
and  theconatant  in  (39)  can  ba  omitted. 

Let  HF(j,'i)  denote  the  area  of  tha  modifiad  panal,  nCLt)  tha  noraal  unit  vector  on  tha 

panal  and  ST,  tha  angle  batwaan  tha  jet  azia  at  sav  aM  tha  t-azis.  Tha  diacratiaad  forma  of  (37) 
and  (38)  than  mad  tir  tha  i*h  atrip 

7 - T ^1)  BPOjj]  + cos?^  J [ = 

L vm  dr  J j-iL  otC  dr  F*  J 

- 7(61) 

<Ve  s 

y.r  fjsliij)  PPjQi^l  t %<»&<  X \ BPdLi)n  eS| 

£1 L u*  4;  ] ter  dBx  p * j 


where  is  the  component  of  rT  in  tha  plana  parallel  to  y « 0.  With  U*  known  from  (56)  and  U*  , Uy 

and  U*  from  (60),  tha  equationa  (61)  for  i • 1,  . . , I form  a eat  of  21  quadratic  algebraic 
aquations  for  tha  21  unknowns  Bid)  and  ;x  (i)  . Whan  these  quantities  am  solved  from  (6l),(3; 

can  ba  calculated  from  (58)  for  all  panels,  and  tha  inducad  flow  fiald  oan  ba  calculated  from  tha  * 
diacratiaad  form  of  (45). 
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3.4*  Solution  of  the  equations  for  the  Fourier  coefficiente 


Let  the  vector  C . 


with  i - 1,  . . | 21  be  defined  by 


Cj=  B tfp  , Crri  = B.(j) 


The  system  of  equations  (6l)  will  oe  denoted  by 

(i)  i?  M) 

n<c;)=2  XfljtCjQ,  * 2 B;  Cj 

' J»»  fc»«  * ' 


for  i - 1, 


21 


(62) 


(63) 


Due  to  the  non  linearity  of  the  system,  a real  solution  does  not  necessarily  exilt.For  this  reason,  a 
procedure  was  used  to  find^a  generalized  (least  squares)  solution?  Let 


r 

i»i 


■fi. 

The  generalized  solution  is  defined  as  the  real  vector  Cj  that  minimises  the  functional  F. 
will  not  necessarily  equal  zero.  The.vector  Cj  is  determined  with  an  iterative  procedure.  Let 

/"  il.  i-th  i a. a.  _ 1- . e ® “ ..f  1 1 4k. 


C;  t be  the  k^  iterate,  the  k+l"1’  will  be  of  the  form 


41 


= ci  fc 

J’k 


H Aj 


where  j^s  a search  or  direction  vector,  and  determines  the  steplength  along  A; 
At*  C:  the  derivatives  of  F with  respect  to  the  C.  1 J * 


1 * 1 


IX 

Y. 

Ui 


56 


equal  zero,  i.e. 

i = i,....,  ir 


(64) 

(63) 

(65) 


The  search  vector 


Aj  is  the  Newton  fiaphaon  correction  vector  for  the  iterative  solution  of  (65) 

4-1  A;  = -Gr-CC^fc)  (66) 


The  scalar 


■f-  •j.f  - . « 

X.  is  taken  such  that  FC^'.fc  + A Aj  ) 


is  minimized  for  A = A ^ . Due  to  the 

fact  that  the  expressions  T^CCj")  are  quadratic  in  C .,  the  value  of  X^  can  be  computed  straight- 
forwardly, In  fact,  using  (65)  and  (66)  one  can  write  J 


F + X ) •=  F ( CJ>t  ) + A,  + 


with 


At 


z x yF< 

i j dC^Cj 


V n<c) 

hence 


,(0 


(67) 


, d F/dX  = o 


1 


(68) 


from  which  Aj  ie  solved  in  the  computer  program  using  an  exact  method.  If  (68)  has  one  real  root,  F(  X ) 
has  a minimum  for  that  root.  If  there  are  three  real  roots  XtCXa  4 Xj  , F(X)  has  minima  at^  X4 
and  Xj  , and  the  X with  the  lowest  value  of  F(X  ) isdiosen  . In  ref.  15  it  is  shown  that  if  F(  C;  ) « 0, 
the  search  vector  Aj  from  (66)  approaches  the  Newton  Raphson  correction  vector  "A  j for  tne 
iterative  solution  of  (63), for  C.  approaching  Cj  . In  the  numerical  procedure,  efficient  use  has 
been  made  of  the  quadratic  character  of  F.  (C  .)  for  the  updating  of  all  required  coefficients  and 
function  values  after  each  iteration.  ^ 

A remaining  problem  is  that  minimization  of  (64)  will  not  yield  a unique  solution  in  general.  For 
instance,  (63)  may  have  several  real  solutions,  which  will  all  be  minima  of  F.  If  (63)  has  no  real 
solutions  there  etill  may  be  several  "lowest  " minima  of  (64).  Moreover,  the  solution  procedure 
described  above  leads  to  a local  minimum,  but  unless  F - 0 at  the  obtained  "solution"  Cj  , one  does 
not  know  whether  the  local  minimum  is  an  absolute  minimum,  if  not  all  minima  of  (64)  are  evaluated.  In 
such  a situation  one  would  like  to  formulate  constraints  on  the  values  of  the  C:  components,  to 

limit  the  space  in  which  physically  interpretable  solutions  can  be  expected.  Such  constraints  ean  indeed 
be  formulated  by  requiring  inflow  across  the  entire  jet  boundary  S,  i.e.  Un(.S,C')  ^ O 
for  all  a and  c'.  Using  (43)t  (55)  and  (62),  this  requirement  imposes  the  following  condition  on  C- 


1+  Cj  cosc' + Cr,j  cos  ac'  yyo 
for  c'i  r and  j=  i, • ■ • , T 


(69) 


This  inequality  can  be  rewritt 

1^14 

ic,i 


Thus 


C4 


and  C 


l*j 


-8  C. for  ^ 4 <-r+j  i 1 

i for  -1  ^ ^ 

must  be  inside  the  contour  defined  by  (70)  to  ensure  inflow  through  all  panels. 


8 cXm 
1 T Cj 


(70) 


f 
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For  the  calculation*,  the  results  of  which  are  discussed  in  aection  3 • 5 » (70)  was  uaed  t£_hslp  sstablish 
a "best"  solution  C;  in  the  following  way.  From  an  initial  estimate  C a local  minimum  at  C,  was 

obtained.  If  Cj  did  not  comply  with  (70)  for  every  j,  a new  estimatJ*  was  formed  by  multiplying  the 

relevant  components  with  a scalar  so  that  they  just  fall  inside  the  region  defined  by  (70).  This  process 
was  repeated  until  the  solution  of  the  new  initial  estimate  equals  that  of  the  preceeding  one. 

The  solutions  Q?  obtained  in  this  manner  satisfied  (70)  for  the  panel  strips  close  to  the  plate,  but 
not  for  a number  ^of  panel  strips  far  away.  This  is  probably  due  to  the  fact  that  the  jet  surface  is 
truncated  andbeyond  the  last  panel  strip,  the  jet  is  not  represented  in  any  way.  This  should  be 
acceptable  for  the  calculation  of  the  pressure  distribution  on  the  plate. 

An  alternative  way  of  defining  a "best"  solution  ia  by  rigidly  imposing  (70),  i.e.  by  finding 
the  minimum  of  F in  the  region  of  C space  defined  by  (70).  Judging  from  the  performed  calculations, 
this  would  probably  result  in  a minimum  on  the  border  of  the  constraints.  The  choice  of  the  "best" 
solution  in  the  presont  calculation  is  based  on  the  idea  that  satisfying  the  momentum  equations  in  the 
best  possible  way  ia  more  important  than  satisfying  the  inflow  requirements.  It  is  felt  however  that 
this  problem  should  be  studied  more  thoroughly  to  arrive  at  a more  satisfying  choice  of  a best 
solution. 


3.3>  Discussion  of  calculated  results  and  comparison  with  measurements 


Plate  pressure  distributions  have  been  calculated  for  three  values  of  the  jet  to  free  stream 
velocity  ratio,  viz.  R ■ 6,  7 and  8.  In  all  cases  the  jet  surface  was  defined  by  the  jet  model  and 
using  the  cross  sectional  shape  of  figure  4.  The  surface  was  approximated  by  17  panel  stripe,  each 
containing  10  panels  for  half  of  the  jet  surface  ( O 4 C £ IT  ) . The  longitudinal  dimensions  of 

panel  strips  are  small  close  to  the  plate,  increasing  with  distance  away  from  the  plate,  according  to 
the  dimensions  chosen  in  ref.16. 

The  static  pressure  coefficient  c^,  defined  by 

i U4 

can  be  calculated  in  the  entire  potential  flow  field.  In  figuge  10,  calculated  values  of  c for 
R ■ 6,  7 and  8,  along  r^e  on  the  plate  at  angles  ^ = 0°,  30  , ...,  180  to  the  negative  p 

T-di  recti  on,  are  compared  with  measured  c values  for  R ■ 5 and  6,  from  refs.  17  and  18  respectively.  It  is 

evident  that  the  calculated  negative  c vSlues  are  much  larger  in  magnitude  than  the  corresponding 
measured  values.  This  discrepancy  can  ^partly  be  attributed  to  the  behaviour  of  the  boundary  layer  on 
the  plat*.  In  reference  16,  the  influence  of  the  momentum  thickness  of  the  boundary  layer  on  the 
c distribution  is  shown.  The  negative  c values  increase  with  decreasing 

momentum  thickness,  especially  cloee  to  the  jet  orifice.  He  can  concluSe  that  the  differences  between 
calculations  and  measurements  have  the  expected  character.  However,  the  magnitude  of  the  differences 
in  c values  far  from  the  jet  orifice  are  larger  than  should  be  expected. 

p There  is  a qualitative  agreement  between  measured  ang  calculate^  c values  in  the  sense  that 
changes^with  R gccur  in  the  same  direction  for  TJ/  - 0 , 30°,  ft..,  £20  . Thig  is  especially  evident  for 
V * 0°  and  30  , where  c varies  strongly  with  R.  At  14;  *=60  , 90  and  120  measurements  show  little 

variation  of  c with  R,  aRd  this  is  also  obtained  from  calculations.  Cm  the  rvV  « 100  , there  is  no 

resemblence  atpall  between  measured  and  calculated  c behaviour.  This  is  accounted  to  the  wake  like 
flow  behind  the  jet  close  to  the  plate,  resulting  p from  plate  boundary  l^er  separation.  This  cannot 
be  modeled  in  a potential  flow  calculation.  On  the  ray  » 130°,  measured  and  calculated  c values 

are  of  comparable  magnitude.  p 

Calculated  and  measured  pressures  are  compared  in  a different  way  in  figure  11,  where  isobars  for 
R - 6 (compared  to  measured  isobars  for  R • 5»  since  measurements  fog  R ■ 6 seem  to  be  lacking)  and 
R « 8 are  shown.  The  calculated  isobars  are  shown  for  0°4  'U'  4.  130°,  since  the  potential  flow 
pressure  distribution  in  the  wake  has  no  resemblence  to  what  actually  happens  on  the  plate.  It  is 
clear  from  figure  9 that  the  calculated  regions  of  negative  pressure  are  much  larger  than  the 
corresponding  measured  regions. There  is  only  qualative  agreement  in  the  sense  that  the  shapes  of  the 
isobars  with  lobes  extending  in  downstream  direction,  are  fairly  well  represented,  as  are  the 
decreasing  size  and  increasing  downward  shift  of  the  isobars  with  decreasing  R. 


4.  CCWCUUSIGKS 


A model  for  the  development  of  a jet  in  a cross  flow  and  the  induced  potential  flow  field  has 
been  presented.  The  medal  is  self  consistent  to  the  respect  that  momentum  transfer  assumptions  used  in 
the  jet  model  are  also  enforced  for  the  boundary  conditions  of  the  induced  flow  field,  yielding  a set 
of  equations  for  the  normal  velocity  distribution  on  the  jet  surface.  The  velocity  potential  of  the 
induced  flow  field  is  calculated  using  a panel  method. 

The  results  of  the  jet  model  compare  well  with  measurements.  Cbly  qualitative  agreement  could  be 
established  between  calculated  and  measured  pressure  distributions  on  the  flat  plate  from  which  the 
jet  exhausts.  The  quantitative  differences  can  in  part  be  ascribed  to  the  interaction  of  the  plate 
boundary  layer  with  the  exhausting  jet. 
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SUMMARY 

Until  recently  the  application  of  ejector  thrust  augmentation  (ETA)  to  VTOL  aircraft  design  has  not 
been  practical  due  to  the  relatively  low  augmentation  ratios  and  large  volume  required  for  Installation. 
With  the  development  of  the  hypermixing  primary  injection  nozzle  by  the  USAF  Aerospace  Research  Labora- 
tories, an  ETA  system  has  emerged  which  improved  the  mixing  efficiency  and  performance  over  past  ejector 
designs.  These  encouraging  results  have  prompted  the  USAF  Flight  Dynamics  Laboratory  to  investigate  the 
feasibility  of  incorporating  ETA  into  an  operational  VTOL  aircraft. 

Preliminary  design  studies  have  been  directed  towards  subsonic  and  supersonic  VTOL  close  air  support 
flghcers.  In  addition  to  demonstrating  the  feasibility  of  the  ETA  VTOL  aircraft,  the  studies  have  served 
to  delineate  special  problems  in  the  areas  of  engine  cycle  characteristics,  internal  aerodynamics  and 
external  aerodynamics. 

Two  2-D  wind  tunnel  tests  have  been  conducted  to  address  the  external  aerodynamic  problem  areas.  The 
wind  tunnel  models  incorporate  a trailing  edge  ETA  system  with  geometry  consistent  with  current  VTOL 
design  schemes.  One  test  investigates  the  vertical  flight  mode  and  the  other  the  transition  flight  mode. 
The  tests  results  served  to  better  define  the  local  wlng/ejector  flow  phenomena,  build  confidence  in  ejec- 
tor design  and  in  general  validate  previously  developed  design  philosophy  and  methodology. 
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INTRODUCTION 


Thrust  augmentation  has  been  an  appealing,  but  elusive,  concept  for  many  years.  The  results  of  a 
one-dimensional  flow  analysis  as  suggested  by  Von  Karman,  are  enough  to  encourage  anv  designer  of  V/STOL 
aircraft.  Unfortunately,  when  engineers  tried  to  apply  the  concept,  the  results  were  disappointing.  The 
failure  to  realize  the  potential  could  be  charged  to  incomplete  mixing  between  the  primary  air  and  secon- 
dary air.  Efficiencies  of  these  systems  were  on  the  order  of  25?.  There  was  obviously  room  for  improve- 
ment, provided  the  basic  flow  phenomenon  could  be  understood  and  improved. 


The  Aerospace  Research  Laboratories  (AAL)  at  Wright-Patterson  AFB  undertook  a program  of  basic 
research  on  thrust  augmentation.  The  results  have  been  significant  and  are  well  documented  in  the  open 
literature  (Ref  1-3).  The  main  contribution  has  been  the  development  of  the  hypermixing  nozzle,  which 
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Improved  the  mixing  efficiency  by  an  order  of  magnitude.  With  the  hypermixing  primary  Injection  nozzle, 
an  ejector  thrust  augmentation  (ETA)  system  has  emerged  yielding  higher  augmentation  ratios  with  shorter 
ejector  mixing  length,  thus  smaller  required  volumes.  It  is  now  possible  to  design  augmentors  of  prac- 
tical dimensions  that  have  an  augmentation  ratio  of  2.  These  results  have  prompted  a new  look  at  VTOL 
airplanes  with  thrust  augmentation. 

Preliminary  design  studies  Incorporating  the  ARL  hypermixing  ejector  system  have  been  directed  to 
subsonic  VTOL  close  air  support  fighters.  The  studies  have  demonstrated  the  feasibility  of  an  ETA  system 
and  the  capability  of  ETA  to  compete  with  other  VTOL  systems  In  terms  of  performance  and  cost.  The  combi- 
nation of  the  ETA  system  with  a turbojet  or  turbofan  engine  Is  attractive  because  the  ejector  effectively 
increases  the  bypass  ratio,  providing  Increased  total  gross  thrust  available  for  application  during  the 
VTOL  and  5T0L  mode.  The  complete  synthesis  of  the  engine-ejector  system  with  an  airframe  can  be  further 
utilized  to  provide  favorable  aerodynamic  effects. 

To  study  the  aerodynamlc/augmentor  interaction,  two  wind  tunnel  tests  were  conducted.  A VTOL  model 
was  tested  to  determine  lift-off  and  low  speed  transition,  while  a transition  model  was  tested  to  deter- 
mine the  characteristics  of  the  upper  end  of  the  transition  envelope. 

2.0  WIND  TUNNEL  MODEL  (VTOL) 

The  VTOL  model  was  designed  to  assess  the  lift  off  and  low  speed  transition  phases  of  flight.  The 
model  was  configured  to  emphasize  these  areas,  which  Included  verifying  some  new  design  concepts  as  well 
as  Identifying  problem  areas.  The  testing  was  conducted  In  the  7 x 10  low  speed  tunnel  at  NASA  Ames. 

The  wind  tunnel  model  was  a two-dimensional,  constant  chord  design  with  the  augmentor  assembly 
extending  aft  from  the  34X  chord  line.  The  major  components  are  Identified  In  Figure  1,  and  the  Instal- 
led model  Is  shown  In  Figure  2.  The  span  was  30  In.,  the  chord  with  the  flaps  up,  clean  configuration 
was  44. 5 in.,  and  the  maximum  thickness  was  10Z.  There  were  ten  hypermixing  nozzles  spaced  on  3 in. 
centers.  The  large  end  plates  provided  a quasl-2D  test  arrangement. 

A fundamental  parameter  for  augmentors  la  the  ratio  of  secondary  area  to  primary  area,  denoted  by 
IAR.  The  secondary  area  Is  that  area  open  to  the  entrained  air  at  the  plane  of  Injection  of  the  primary 
nozzles.  For  the  VTOL  model,  the  geometric  measurement  is  IAR  ■ 21. 55.  The  ten  primary  nozzles  account- 
ed for  83. 3Z  of  the  Internal  air,  the  diffuser  wall  BLC  accounted  for  16. 7Z  internal  air,  while  the  end 
wall  blowing  was  variable,  with  blowing  adjusted  to  Insure  attached  flow. 

The  hypermixing  nozzles  were  positioned  with  the  thrust  vector  90*  to  the  wing  chord  plane  to  maxi- 
mize VTO  thrust.  Primary  high  pressure  air  was  supplied  to  the  nozzles  and  BLC  slots  from  the  plenum  In 
the  forward  wing. 

The  diffuser  was  formed  by  the  forward  and  aft  flap  doors,  which  could  be  moved  through  the  range 
45*<  f £ 90*  and  l<_  DAR  2.1.  These  positions  allowed  simulation  of  VTOL  and  transition  operation. 

2.1  Nozzle  Calibration 

A hypermixing  nozzle  is  basically  a convergent  nozzle  with  a rectangular  exit.  The  exit  Is  designed 
to  create  streamwlse  vortlclty  to  enhance  the  mixing  In  the  diffuser.  For  manufacturing  simplicity,  the 
nozzles  were  two-dimensional , resembling  a constant  chord  wing,  with  the  exit  at  the  trailing  edge.  The 
exit  was  configured  to  a typical  hypermixing  design.  The  external  shape  of  the  nozzle  conforms  to  the 
thickness  distribution  of  a NACA  64  series  airfoil.  The  2-D  design  was  selected  to  sl^llfy  manufactur- 
ing and  to  provide  a passage  for  air  from  the  plenum  in  the  forward  wing  to  the  aft  manifold.  This 
arrangement  supplied  air  to  the  BLC  slots  on  the  aft  manifold  without  the  requirement  of  a separate  plen- 
um supply. 

The  new  nozzle  design  required  a calibration  test  to  demonstrate  adequate  efficiency.  Efficiencies 
were  determined  as  a function  of  plenum  pressure  ratio.  The  results  are  shorn  In  Figure  3,  and  they 
Indicate  an  Increasing  efficiency  with  PR,  The  effective  area  also  shows  an  Increase  with  PR. 

2.2  Static  Performance 

The  parameter  governing  VTOL  performance  Is  the  static  augmentation,  defined  by 

^ _ ^augmented 

^primary 

The  value  of  Trjg  and  $ must  be  sufficiently  large  to  Insure  lift-off  with  an  adequate  margin  for  accel- 
eration and  control.  Of  the  several  parameters  that  affect  static  augmentation,  this  test  examined 
pressure  ratio,  exit/throat  area,  diffuser  length/nozzle  spacing,  and  mean  diffuser  angle. 

The  pressure  ittlo  of  an  ETA  system  Is  an  Important  parameter  because  It  Impacts  augmentor  perfor- 
mance, Internal  and  engine  selection.  Figure  4 shows  the  variation  of  ♦ with  PR  for  several  DAR. 

The  open  symbols  indicate  the  performance  of  the  basic  configuration,  which  had  some  surface  roughness  at 
the  flap  hinge,  while  the  solid  symbols  Indicate  Improved  performance  after  careful  smoothing  of  the  flap 
hinge.  The  measurements  Indicated  that  the  maximum  augmentation  occurs  at  a moderate  PR  range  of  1.3  to 
1.7  with  $ decreasing  significantly  at  higher  PR.  This  trend  Is  unfavorable,  since  PR  > 2 is  desirable 
to  minimize  Internal  volume.  The  solid  symbols  Indicate  the  Importance  of  BLC  In  maintaining  high  values 
of  $. 

Sufficient  diffuser  length  is  necessary  for  the  flow  to  mix  and  diffuse,  but  design  constraints  may 
limit  the  actual  length  allowed.  Previous  work  (Ref  4)  has  shown  that  a governing  parameter  Is  L/S. 
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Fteasurements  were  made  with  L/S  - 5 and  L/S  - 10.  The  differences  In  diffuser  performance  are  most 
clearly  seen  in  Figure  5,  which  shows  a comparison  of  exit  velocity  profiles.  . 

/V3  d a3 

The  diffuser  flow  can  be  quantified  with  the  parameter  8, defined  in  Ref  4 as  8 ” n 2 

*3  A3 

The  spanwise  velocity  distribution  was  assumed  constant , so  that  8 was  evaluated  only  for  the  chordwise 
variation  in  V,.  The  L/S  ■ 5 configuration  had  a maximum  value  of  8 • 1.121,  while  the  L/S  - 10  configu- 
ration had  an  improvement  to  8 * 1.072.  The  ideal  case  is  8 ■ 1,  while  previous  work  indicates  8 * 1.03 
is  a practical  lower  limit.  These  numbers  suggest  that  further  improvement  is  possible. 

One  dimensional  flow  theory  (Ref  6)  indicates  a dependence  of  augmentation  on  DAR  Fig  A shows  that 

the  model  performance  at  PR  • 1.3  reflects  this  dependence  but  at  a lower  level  of  augmentation  than  pre- 
dicted. The  theoretical  prediction  is  based  on  the  methodology  of  Ref  11,  which  assumes  viscous  losses 
based  on  ARL  data.  This  data  shows  the  impact  of  the  losses  indicated  by  the  8 parameter. 

Although  the  nozzles  were  fixed  at  90°,  the  diffuser  flaps  could  be  rotated  so  that  the  mean  dif- 
fuser angle  j"  < 90°.  This  configuration  would  simulate  the  low  speed  phase  of  transition.  The  results 
are  shown  in  Figure  7 for  the  L/S  * 5 case  only.  The  first  observation  to  be  made  is  that  $ varies 
linearly  from  7 “ 90°  to  j - 50°.  The  second  observation  is  that  DAR  is  still  a significant  parameter. 
About  any  given  mean  angle,  it  is  possible  to  vary  DAR,  which  implies  diffusion  while  turning.  The  set 
of  3 solid  points  applies  to  a configuration  with  6^  varied  to  change  DAR.  A relative  maximum  occurred 
with  DAR  = 1.2,  while  DAR  ■ 2.0  resulted  in  minimal  performance.  These  two  observations  would  suggest 

that  diffusion  and  augmentation  is  possible  without  the  primary  flow  vector  aligned  with  5. 

2.3  Forward  Speed  Performance 

The  lifting  characteristics  at  forward  speed  are  of  prime  Importance  for  the  transition  maneuver 
and  STOL  operation.  The  configuration  was  tested  with  short  doors,  giving  an  L/S  « 5 and  hence  less  than 
maximum  augmentation.  This  compromise  was  necessary  because  of  tunnel  wall  restriction.  The  test 
results  are  shown  as  a function  of  the  primary  blowinn  coefficient.  Most  of  the  testing  was  conducted  at 
V ■ 60  kts  (q  - 12  psf)  with  a few  selected  points  at  higher  speeds. 

Figure  8 shows  typical  lifting  characteristics  for  various  values  of  the  blowing  coefficient.  There 
is  no  evidence  of  stall,  even  at  the  high  angles  of  attack  that  may  be  required  for  transition.  An  impor- 
tant feature  of  an  augmentor  wing  In  transition  is  the  supercirculation  caused  by  the  jet  sheet  at  the 
trailing  edge.  Supercirculation  creates  a ACL.  This  parameter  is  plotted  in  Figure  9 for  various  flap 
settings.  There  is  additional  circulation  on  the  ETA  wing  since  iCL  is  greater  than  the  vectored  compo- 
nent of  Cj  for  all  cases;  however,  the  augmentor  wing  did  not  perform  at  the  level  predicted  by  potential 
theory  for  Jet  flaps  (Ref  8).  These  results  indicate  improvement  should  be  made  in  the  diffuser  flap 
design  for  transition.  It  is  possible  that  might  exceed  the  theoretical  level,  since  Cj  may  be  aug- 
mented. However,  the  value  of  ; at  forward  speed  was  not  determined,  so  a true  theoretical  upper  limit 
was  not  established.  Figure  10  shows  a typical  streamline  pattern,  and  illustrates  the  complexity  of  the 
flow.  Because  the  stagnation  point  is  inside  the  inlet,  the  flow  is  required  to  negotiate  severe  pressure 
gradients  to  turn  approximatelv  240°.  This  problem  Illustrates  the  compromise  required  between  designing 
for  VTOL  and  STUL.  The  VTOL  model  had  an  inlet  optimized  for  the  static,  lift-off  case.  To  have  an  ETA 
wing  Chat  will  operate  effectively  from  lift-off  through  transition,  the  aft  inlet  and  flap  may  require  a 
redesign,  and  possibly  some  BLC  to  Insure  adequate  performance  for  transition. 

3.0  WIND  TUNNEL  MODEL  (TRANSITION) 

The  transition  model  was  designed  to  assess  the  ejector  wing  characteristics  during  the  final 
stages  of  the  transition  mode  and  conversion  to  conventional  flight.  Three  flight  modes  were  investi- 
gated; cruise,  flaps  down  (ejector  power  off)  and  full  power  lift.  The  wing  was  tested  from  static 
conditions  to  165  FPS,  through  the  angle  of  attack  range  of  -10°  to  +32°  and  with  a variation  in  ejector 
primary  pressure  ratio  from  1,0  to  2.25.  The  test  was  condui  ted  in  the  Lockheed-Georgia  low  speed  wind 
tunnel  and  served  to  determine;  (a)  the  performance  of  the  ejector  at  static  and  forward  speed  conditions; 
and  (b)  the  aerodynamic  characteristics  of  the  wing-ejector  combination. 

3.1  Model  Configuration 

The  transition  model  was  a large  two-dimensional  wing  with  a span  of  76.5  inches,  a chord  of  60 
Inches  and  a thickness  to  chord  ratio  (c/c)  of  15%.  The  airfoil  section  was  a 747a  to  40%C  and  0015-34 
to  the  trailing  edge  with  2.23%  camber.  It  was  mounted  between  two  circular  metric  end  plates  of  6.5  ft 
diameter.  These  end  plates  had  four  tangential  blowing  slots  which  provide  two-dimensional  results. 

The  ejector  bay  was  full  span  with  a 5 in  width  (Figure  11).  The  centerline  of  the  ejector  bay  was 
inclined  60°  to  the  wing  chord  plane.  There  were  30  hypermixing  nozzles  spaced  on  2.5  inch  centers. 
Nozzles  at  the  ends  of  the  ejector  bay  are  placed  with  their  centers  2 inches  from  the  end  plates.  The 
straight  walled,  constant  area  mixing  section  extended  2.1  inches  below  the  hypermixing  nozzle  exit  plane. 
Primary  airflow  was  Introduced  irto  the  ejector  through  the  hypermixing  nozzles  and  two  boundary  layer 
control  (BLC)  slot  nozzles  running  the  full  span  of  the  wing.  One  slot  nozzle  was  at  the  top  of  the  for- 
ward side  of  the  inlet  and  the  other  was  located  at  the  bottom  of  the  aft  side  of  the  mixing  section. 

The  nominal  inlet  area  ratio  was  18.5  with  77%  of  the  flow  going  to  the  hypermixing  nozzles  and  23%  to 
the  BLC  slots  (8%  inlet  and  15%  diffuser). 

The  model  had  three  flow  sysl  'ms  which  were  fed  from  both  sides  of  the  model.  These  flow  systems 
fed  the  hypermixing  nozzles,  the  inlet  BLC  and  the  diffuser  BLC  independently.  All  feed  ducts  were 
designed  su  h that  the  duct  Mach  number  never  exceeded  0.25. 

The  flap  s'-stem  was  composed  of  an  aft  flap,  which  was  similar  to  a conventional  simple  flap,  and  a 
forward  flap  which  was  hinged  at  the  ejector  bay  exit.  The  forward  flap  when  closeJ  covered  the  ejector 
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and  when  deflected,  formed  the  ejector  diffuser  wall.  The  reference  flap  setting  of  the  system  was 
based  only  on  the  aft  flap  angle  for  all  diffuser  exit  area  ratios.  For  variation  of  DAR,  the  diffuser 
door  was  modulated.  For  this  test,  the  variation  of  DAR  was  1.4  to  2.0.  A leading  edge  slat  positioned 
at  60*  to  the  wing  chord  was  also  tested. 

To  complete  the  two-dimensional  aspects  of  the  test,  the  wing  and  end  plates  were  mounted  between 
two  large  non-metric  wall  sections  built  inside  the  tunnel.  Figures  12  and  13  show  the  model  mounted 
between  these  false  walls.  The  walls  completely  span  the  tunnel  from  floor  to  celling  and  were  28  feet 
long.  The  model  support  struts,  ducting  and  instrumentation  were  all  located  inside  these  walls  so  that 
no  airloads  were  transmitted  to  the  balance. 

3.2  Nozzle  Calibration 

The  hypermixing  nozzles  used  in  this  test  were  the  same  as  those  used  by  ARL  in  past  ejector 
research  (references  1-5).  The  exit  areas  were  increased  slightly  to  produce  the  inlet  area  ratio  of 
18.5.  The  hypermixlng  nozzle  and  the  calibration  facility  are  shown  in  Figures  14  and  15.  The  hypermix- 
ing nozzle  calibration  plot  is  shown  in  Figure  16.  The  velocity  efficiency  (n)  is  shown  to  vary  from 
.93  to  .95.  This  velocity  coefficient  compares  reasonably  well  to  past  hypermixing  designs.  The 
discharge  coefficient  is  .905. 

The  effective  ex* t area  of  the  inlet  and  diffuser  BLC  slots  was  1.45  sq  in  and  3.00  sq  in  respec- 
tively. These  areas  yielded  a total  effective  exit  area  of  19.57  sq  in  which  produced  an  inlet  area 

ratio  of  18.65. 


3.3  Static  Performance 

The  measure  of  jerformance  for  the  static  tests  was  the  gross  augmentation  ratio.  The  augmentation 
levels  for  this  transition  model  were  obtained  by  integrating  pressures  from  14  pressure  rakes  mounted  at 
the  ejector  exit  and  dividing  by  the  product  of  measured  mass  flow  and  isentropic  velocity. 

FORCE  (RAKE  DATA) 

t Gross  1 =- n 

“MEASURED  x VJlSENTROPIC 

Seven  of  these  rakes  were  suspended  from  the  flap  while  the  remainder  were  mounted  from  the  door  as  shown 
in  Figure  13. 

Figure  17  shows  the  gross  augmentation  for  a pressure  ratio  of  1.87,  flap  settings  of  20°  and  30° 
and  various  diffuser  exit  area  ratios.  The  predicted  augmentation  is  also  shown  in  this  figure.  The 
5-7X  difference  in  augmentation  is  attributed  to  the  flow  non-uniformity.  Predicted  augmentations  are 
based  on  8 * 1.03;  the  8 values  for  this  ejector  configuration  are  1.28  for  the  20°  flaps  and  1.055  for 
the  30°  flap,  as  shown  in  Figures  19  and  20. 

The  variation  of  augmentation  at  a constant  diffuser  exit  area  ratio  with  pressure  ratio  is  depicted 
in  Figure  18.  The  trend  of  increasing  augmentation  ratio  with  pressure  ratio  does  agree  with  the  pre- 
dicted trend;  however,  it  is  contrary  to  that  observed  with  the  VT0L  model. 

3.4  Forward  Speed  Performance 

The  performance  of  the  augmentor  wing  with  forward  velocity  is  considered  from  two  aspects;  ejector 
performance  alone  and  total  wing  characteristics.  Both  of  these  areas  are  critical  when  evaluating  the 
transition  characteristics. 

Since  the  ejector  acts  as  both  a thrust  and  lift  augmentor,  it  is  important  to  understand  the  ejec- 
tor geometries  required  to  optimize  both  of  these  parameters.  Consider  the  following: 
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Consider  first  the  requirement  to  optimize  lift  (l.e.,  gross  augmentation).  Figure  21  shows  the  varia- 
tion of  gross  augmentation  with  diffuser  exit  area  ratio  and  forward  velocity  at  an  angle  of  attack  of  1* 
and  a flap  angle  of  30°.  A cross-plot  of  figure  21  showing  the  relationship  of  (maximum  gross  augmenta- 
tion) and  gross  augmentation  at  DAR  • 1.9  for  various  velocities  is  shown  in  figure  22.  Also,  shown  in 
this  figure  is  the  same  relationship  for  an  angle  of  attack  of  10°  to  21°.  A summary  plot  of  gross  aug- 
mentation at  a velocity  of  100  and  150  FPS  is  shown  in  figure  23.  In  all  cases,  it  is  clear  that  a con- 
stant diffuser  exit  area  ratio  of  1.9  yields  essentially  the  optimum  value  of  gross  augmentation. 

Consider  now  the  optimization  of  forward  thrust  or  net  augmentation.  Figure  24  shows  the  variation 
of  net  augmentation  for  30°  flaps  at  various  velocities  and  diffuser  exit  area  ratios.  Figures  25  and 
26  again  show  that  a diffuser  exit  area  ratio  of  1.9  is  very  close  to  the  condition  for  maximum  net 
augmentation. 


These  results  show  that  for  this  ejector  configuration  and  a flap  setting  of  30°  there  will  be  very 
little  compromise  between  achieving  optimum  horizontal  thrust  (l.e.,  net  augmentation)  and  lift  (i.e., 
gross  augmentation)  while  holding  a constant  diffuser  exit  area  ratio.  This  capability  would  eliminate 
the  requirement  of  a complicated  mechanical  programming  of  DAR  as  the  aircraft  goes  through  transition 
geometry  and  attitude  changes. 

To  show  the  total  wing  characteristics,  the  lift,  force  and  moment  polars  are  shown  in  Figures  27, 

28  and  29  for  a constant  diffuser  exit  area  ratio  of  1.8.  The  blowing  coefficient  (Cu)  is  equal  to  the 
gross  thrust  (rake  data)  divided  by  q S.  It  should  be  noted  that  the  Cu's  show  on  the  polars  are  at 
a » 1°  and  vary  slightly  with  a.  The  nominal  jet  deflection  angle  is  also  slightly  different  from  the 
flap  deflection  angle. 

4.0  CONCLUSIONS 

The  results  of  these  tests  can  be  summarized  as  follows: 

1.  It  Is  feasible  to  design  a wing  with  a high  performance  trailing  edge  ETA  system  for  a VTOL 
aircraft.  The  air  supply,  nozzles,  and  ditruser  can  be  contained  within  the  mold  lines  of  a conven- 
tional airfoil  section. 

2.  Static  augmentation  on  the  order  of  that  achieved  by  ARL  is  possible  in  an  aircraft  configura- 
tion if  sufficient  BLC  is  provided.  Growth  of  the  boundary  layer  due  to  surface  roughness  decreases 
augmentation  significantly. 

3.  For  the  transition  flap  setting  of  30°  both  the  optimum  thrust  (l.e.,  net  augmentation)  and  lift 
(i.e.,  gross  augmentation)  can  be  achieved  at  a constant  diffuser  exit  area  ratio.  This  affords  the  poten- 
tial of  developing  a system  which  does  not  require  modulation  of  the  ejector  configuration  to  achieve 
maximum  performance. 

4.  In  both  tests,  performance  decreased  from  the  predicted  levels  with  an  increase  in  forward 
velocity.  This  was  due  to  having  a fixed  inlet  optimised  for  static  conditions.  A design  compromise 
to  obtain  an  inlet  that  is  satisfactory  for  V„>o  may  result  in  a loss  of  static  performance. 
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GROUND  EFFECT  ON  AIRFOILS  WITH  FLAPS  OR  JET  FLAPS 

by 

K.  Gersten,  R.  LShr,  E.  Beese 
Ruhr-Universitat  Bochum,  Germany 


SUMMARY 


The  two-dimensional  incompressible  flow  past  airfoils  with  flaps  or  jet  flaps  near 
ground  is  investigated.  The  inviscid  flow  is  calculated  by  potential  theory  methods.  It 
is  shown,  that  the  nonlinear  effects  due  to  larger  angles  of  attack  and  flap  angles 
become  increasingly  important  for  airfoils  approaching  the  ground.  In  the  study  these 
nonlinear  effects  are  therefore  emphasized.  For  the  airfoils  with  jet  flaps  wind  tunnel 
measurements  including  ground  simulation  have  been  carried  out.  The  theoretical  results 
are  compared  with  the  experiments  and  with  linear  theory. 

RESUME 


Des  recherches  ont  ete  effectuees  sur  l'ecoulement  bidimensionnel  d'un  fluide  incompres- 
sible autour  de  profils  d'ailes  a volet  ou  a jet  au  voisinage  du  sol.  L'ecoulement  non 
visqueux  est  calcule  par  1 'application  de  methodes  deduites  de  la  theorie  potentielle. 

On  demontre  que  les  effets  nonlineaires  resultant  d’angles  d'incidence  et  de  volets 
eleves  gagnent  en  importance  pour  des  ailes  s'approchant  du  sol.  En  consequence,  cette 
recherche  s'interesse  plus  particulierement  a ces  effets  nonlineaires.  Des  mesures  en 
soufflerie,  sur  des  profils  d'ailes  a jet,  incluant  les  effets  de  sol,  ont  ete  effectuees. 
On  compare  les  resultats  theoriques  aux  resultats  experimentaux  et  a ceux  de  la  theorie 
lineaire. 

NOTATION 


b 

wing  span 

c 

wing  chord 

c 

jet  momentum  coefficient. 

u 

c = 2J/pU2cb 

U 00 

CL 

lift  coefficient, 
cL  = 2L/ pU^cb 

CM 

moment  coefficient, 
cM  = 2M/pU2C2b 

CR 

rudder  moment  coefficient, 
cR  = 2MR/pU2c2b 

F (x) .Fn(x) 

functions  in  Eq .(13) 

fn 

coefficients  in  Eq. (13) 

G(x> ,Gn(x) 

functions  in  Eq.(14) 

^n 

coefficients  in  Eq .(14) 

h 

ground  distance 

J 

jet  momentum 

L 

lift 

M 

pitching  moment,  cf.Figs.4 
5 and  9 

mr 

rudder  moment,  cf.  Fig. 4 

N 

number  of  vortices 

nf 

number  of  vortices  located 
on  the  flap 

free-stream  velocity 

u induced  velocity  component 

in  x-direction 

v induced  velocity  component  in  y- 

direction 

x coordinate  in  airfoil  chord 

direction 

x nondimensional  horizontal  coordi- 

nate, x = x/c  cos  u,  cf.  Figs . 1 
and  7 

y coordinate  perpendicular  to  air- 

foil chord 

y nondimensional  vertical  coordinate 

cf . Figs. 1 and  7 

Y,  Y^  functions  in  Eq.(15) 

yn  ‘ coefficients  in  Eq .(15) 

Yj (x)  location  of  the  jet,  cf.  Fig. 7 

a angle  of  attack 

vortex  strength 

Y vortex  distribution 

Yc  vortex  distribution  on  the  airfoil 

Yj  /ortex  distribution  on  the  jet 

n flap  angle,  cf.  Fig.1 

Hj  jet  angle,  cf.  Fig. 7 

\ ratio  of  flap  chord  to  airfoil 

chord 


1 . INTRODUCTION 

To  calculate  forces  and  moments  on  wings  inviscid  theory  is  usually  being  applied.  Very 
often  the  further  assumption  is  made  that  the  angle  cf  attack  is  small.  This  assumption 
leads  to  a strongly  simplified  vortex  model  used  in  potential  theory  to  calculate  the 
flow  past  wings.  For  wings  with  flaps  usually  the  corresponding  assumption  of  small  flap 
angles  is  being  made. 

When  wings  near  ground  are  considered  the  assumption  of  small  angles  of  attack  and  small 
flap  angles  is  not  as  good  as  for  wings  far  from  ground.  This  has  the  following  reason. 

If  the  assumption  of  small  angles  of  attack  and  flap  angles  is  used  the  vortex  sheet 
which  represents  the  wing  is  usually  located  in  a plane  parallel  to  the  ground.  For 
larger  angles  this  simplified  vortex  model  is  not  any  more  sufficient  and  the  vortices 
have  to  be  located  at  the  wing  itself  and  on  the  flap.  Due  to  this  more  complicated 
vortex  model  in  which  the  vortices  are  not  located  in  one  plane  nonlinear  effects  will 
result.  It  can  be  easily  understood,  that  the  exact  location  of  the  vortices  becomes  more 
important  when  the  wing  is  approaching  the  ground. 

The  purpose  of  this  investigation  is  to  study  the  nonlinear  effects  due  to  large  anqles 
of  attack  and  large  flap  angles  fur  airfoils  with  flaps  or  jet-flaps  near  ground.  To 
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simplify  the  problem  only  two-dimensional  flows  around  airfoils  are  considered.  Thick- 
ness and  camber  of  the  airfoils  are  assumed  to  be  zero.  Two  different  problems  are  in- 
vestigated: 

1 . The  flat  plate  with  flaps.  In  this  case  the  following  geometrical  parameters  are 
studied:  The  flap  chord  ratio  X,  defined  as  the  ratio  of  the  flap  chord  to  the 
main  chord,  the  angle  of  attack  a,  the  flap  angle  n,  and  the  relative  ground 
distance  h/c. 

2.  The  flat  plate  with  jet  flap  at  the  trailing  edge.  In  this  case  the  following  para- 
meters are  considered:  The  jet  angle  n • , the  angle  of  attack  a,  the  jet  momentum 
coefficient  c^  and  the  relative  ground-'  distance  h/c. 

The  two  problems  are  considered  separately  because  in  both  cases  different  methods  of 
potential  theory  are  being  used  to  calculate  forces  and  moments  on  the  airfoils.  The 
aim  is,  to  find  out  what  the  nonlinear  effects  due  to  large  angles  of  attack  and  flap 
angles  will  be,  if  the  airfoil  approaches  the  ground. 

2.  AIRFOILS  WITH  FLAPS  NEAR  GROUND 

2.1.  The  vortex  lattice  model 

The  forces  and  moments  on  the  airfoils  with  flaps  near  ground  have  been  calculated  by 
using  the  vortex  lattice  method.  This  method  is  quite  commonly  used  for  calculating 
the  three-dimensional  flow  past  wings  of  finite  span,  [1]  - [5],  or  more  complicated 
three-dimensional  wing  - body  combinations,  [6].  In  this  method  the  airfoil  is  re- 
presented by  a number  of  discret  single  vortices  which  are  properly  distributed  along 
the  chord  of  the  wing  (see  Fig ■ 1 ) . This  proper  distribution  of  the  vortices  is  chosen 
on  the  basis  of  the  so-called  Pi  stole si  theorem.  After  this  theorem  the  whole  chord 
is  broken  into  N subintervals  and  in  the  ane-quarter-points  of  the  intervals  single 
vortices  are  located.  The  three-quarter-points  of  all  subintervals  are  then  used  as 
sensing  points  in  which  the  kinematic  flow  condition  has  to  be  satisfied.  In  other 
words,  in  these  sensing  points  the  flow  velocity  induced  by  all  vortices  combined 
with  the  free-stream  velocity  has  to  be  parallel  to  the  airfoil  or  flap  surface. 

It  is  well  known  that  for  this  particular  choice  of  vortex  and  sensing  points  the 
coefficients  for  lift  and  pitching  moment  of  a flat  plate  at  angle  of  attack  is 
given  correctly  by  this  vortex  lattice  model  independently  of  the  number  of  vortices  N. 
In  Fig.  2 it  is  shown  that  for  increasing  number  of  vertices  the  exact  solution  for 
the  flat  plate  vortex  distribution  is  well  approached.  In  the  same  figure  another 
vortex  distribution  is  shown  for  a flat  plate  near  ground.  This  case,  which  corresponds 

to  an  angle  of  attack  of  90°  and  ground  distance  equal  to  zero,  can  be  solved  analy- 
tically. Comparison  between  vortex  lattice  method  and  exact  analytical  solution  is 
quite  satisfactory.  The  lift  coefficients  given  in  the  table  of  the  figure  show  the 
tendency  towards  the  exact  values  for  increasing  number  of  vortices. 

2.2.  The  vortex  lattice  method  for  airfoils  with  flaps 

For  airfoils  with  flaps  the  question  arises  how  to  choose  the  location  of  the  vortex 
points  and  sensing  points.  In  this  study  the  flap  and  the  rest  of  the  airfoil  have 
been  considered  as  two  different  systems  to  which  the  usual  vortex  lattice  method 
is  applied  separately.  In  other  words  the  flap  is  broken  into  Nf  = 0,5  N equal  sub- 
intervals and  for  each  of  them  the  Pistolesi  theorem  is  applied.  In  the  same  way  the 
rest  of  the  airfoil  is  broken  into  N - N,  = 0,5  N equal  subintervals  and  the  Pistolesi 
tneorem  is  applied  again.  N is  always  aneven  number.  In  order  to  check  this  particular 
choice  of  vortex  points  and  sensing  points  the  vortex  distribution  of  an  airfoil  with 
flaps  but  without  ground  has  been  calculated  by  the  lattice  method  and  compared 

with  the  analytical  solution  found  by  conformal  mapping,  [7],  [8],  see  Fig.  3.  Although 
there  is  a systematic  deviation  from  the  exact  solution  even  for  a very  large  number 
of  vortices,  the  total  lift  is  determined  very  accurately  as  can  be  seen  from  the 
table  in  the  figure. 

In  the  following  calculations  the  particular  arrangement  of  vortex  and  sensing  points 
in  the  vortex  lattice  method  described  above  has  been  used.  The  coefficients  for  the 
total  lift,  the  pitching  moment  and  the  rudder  moment  have  been  calculated  for  different 
flap  configurations  and  flap  angles,  and  in  Fig . 4 these  values  are  compared  with 
the  analytical  solutions  found  by  Keune  [ 7 ] , [9  J . The  figure  shows  very  good  agreement 
for  all  lift  coefficients.  The  pitching  moment  is  sufficiently  well  represented  for 

flap  angles  less  than  n = 30°.  For  larger  flap  angles  deviations  in  the  moment 
coefficient  appear.  Good  agreement  are  found  again  for  the  rudder  moment  coefficients. 

In  general,  this  particular  application  of  the  Pistolesi  theorem  to  airfoils  with 
flaps  is  working  sufficiently  well  for  most  practical  purposes. 

2.3.  Ground  effect  for  airfoils  with  flaps 


dy  using  the  nomenclature  given  in  Fig.  1 for  an  airfoil  with  a flap  the  following 
system  of  N linear  equations  for  N vortices  can  be  derived: 
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The  location  of  the  sensing  points  are  given  by 
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Here  u and  v are  the  components  in  x-  and  y-direction,  respectively,  of  the 
velocity  induced  by  all  vortices  (i  « 1,  ...  N) . 

The  location  of  the  vortex  points  are  given  by 
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From  the  N values  r^U  * 1,  2,  3,  ..  N)  the  coefficients  for  lift,  moment  and  rudder- 
moment  are  given  by  the  following  formulae: 
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where  u^  is  the  horizontal,  and  v^  the  vertical  component  of  the  velocity  at  the 
location  of  the  vortex  induced  by  all  vortices  except 


In  Fig.  5 typical  results  of  a series  of  calculations  for  airfoils  with  flaps  near 
ground  are  shown.  It  can  easily  be  seen  that  the  curves  become  more  nonlinear  when 
the  airfoil  is  approaching  the  ground.  In  other  words,  for  airfoils  near  ground  linear 
theory  is  restricted  to  very  small  flap  angles  and  nonlinear  theory  has  to  be  applied 
when  larger  flap  angles  are  being  used.  In  general  one  can  conclude  from  these  results 
that  for  flap  angles  smaller  than  about  n * 15°  lift  and  pitching  moment  coefficients 
increase  for  decreasing  the  ground  distance.  This  tendency  at  least  is  also  predicted 

by  linear  theory.  For  flap  angles  larger  than  n = 1 5°  the  tendency  is  reversed,  i.e. 
the  coefficients  for  lift  and  pitching  moments  decrease  when  the  airfoil  is  approaching 
the  ground. 

Fig,  6 shows  as  a typt-al  example  for  the  .Influence  of  the  angle  of  attack  on  the  lift 
coefficient  for  »r.  airfoil  with  flap  near  ground.  The  nonlinearity  due  to  larger  angles 
of  attack  is  not  very  much  pronounced  so  that  linear  approximation  might  be  sufficient 
for  most  practical  cases.  The  strong  depence  of  lift  curve  slope  3cL/3a  on  flap  angle 

and  ground  distance  Is  again  demonstrated  by  this  figure.  The  decrease  of  cL  due  to 
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ground  approximity  is  a typical  nonlinear  effect  and  cannot  be  described  by  linear 
theory. 

3.  AIRFOILS  WITH  JET  FLAPS  NEAR  GROUND 
3.1.  Nonlinear  jet  flap  theory 

The  inviscid  two-dimensional  flow  past  a flat  plate  with  a jet  flap  at  the  trailing 
edge  is  being  considered.  The  entrainment  due  to  the  jet  is  neglected.  The  jet  is 
assumed  to  be  very  thin  so  that  it  can  be  represented  by  a vortex  sheet.  The  form  of 
the  jet  is  not  known  a priori  and  has  to  be  found  by  the  calculation  procedure.  The 
jet  flap  near  ground  is  therefore  represented  by  a vortex  model  shown  in  Fig.  7.  The 
flat  plate  is  represented  by  distribution  of  vortices  with  the  intensity  yc  and  the 

jet  is  represented  by  a curved  vortex  sheet  with  the  intensity  y^.  The  ground  is 

simulated  by  the  "mirror"  technique.  In  the  linear  theory  both  vortex  distributions 
would  be  located  on  a straight  line  parallel  to  the  ground.  In  the  vortex  configura- 
tion shown  in  this  figure  and  used  in  this  investigation  nonlinear  effects  come  into 
the  analysis  due  to  large  angles  of  attack  a and  large  jet  angles  n^.  There  are 

three  unknown  functions:  the  vortex  distribution  Yc(x)  on  the  airfoil,  the  vortex 

distribution  y j (x)  on  the  jet  and  the  jet  location  y^ (x) . There  are  three  conditions 

available  for  calculating  these  three  functions.  1.  The  kinematic  flow  condition  at 
the  airfoil.  2.  The  kiiematic  flow  condition  on  the  jet,  where  the  resulting  flow 
velocity  has  to  be  parallel  to  the  jet.  3.  The  condition  which  relates  the  strength 
of  the  vortex  distribution  on  the  jet  with  the  jet  curvature.  This  condition  results 
from  the  equilibrium  of  centrifugal  force  and  pressure  difference  within  the  curved 
jet.  The  three  conditions  are  given  in  the  following  equations: 
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Here  u and  v are  the  components  of  the  velocity  induced  by  all  vortices  of  the  vortex 
model  and  are  usually  given  by  lengthy  integrals  some  of  which  are  singular.  Details 
of  these  integrals  can  be  found  in  Reference  [9].  These  three  equations  are  a system 

of  coupled  nonlinear  singular  integral  equations.  Typical  vortex  distribution  Yc<x) 

and  Yj (x)  are  shown  in  Fig.  8 for  the  two  cases  + O,  a =0  and  a ^ O,  n ^ = 0. 


For  the  unknown  functions  y (x)  and  y . (x)  and  y - ( x ) the  following  series  of  functions 
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These  series  have  been  chosen  in  analogy  to  an  equivalent  system  of  series  used  by 
Spence  [10]  in  his  linear  jet  flap  theory.  By  using  this  series  the  system  of  couplea 
integral  equations  is  reduced  to  a system  of  algebraic  equations  for  the  unknown  coeffi- 
cients fn#  gn  and  yn  in  the  equations.  The  resulting  system  is  a system  of  nonlinear 

algebraic  equations.  This  has  been  solved  by  an  iteration  process  starting  with  results 
found  by  linear  theory.  The  system  was  solved  by  a method  of  Gauss-Banachiewicz  using 
the  electronic  computer  Telefunken  TR  440  of  the  computer-center  of  the  Ruhr-University 
Bochum.  The  coefficients  of  the  forces  and  moments  can  be  found  by  an  integration  of 
the  vortex  distribution. 
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3.2.  Results  of  the  theory  and  comparison  with  experiments 

In  the  following  a few  typical  results  of  the  method  described  will  be  shown.  In  Fig . 9 
the  lift  curves  cL(a)  (upper  side)  and  the  pitching  moment  cM(a)  (lower  side)  are  given 

for  two  cases.  On  the  left  side  the  jet  angle  is  rij  = 0°,  on  the  right  hand  side  the  jet 

angle  is  = 28,6°.  There  are  curves  shown  for  different  ground  distances  h/c  and  a 

comparison  between  the  general  nonlinear  theory  and  the  linear  theory  is  made.  In  all 
cases  one  important  result  can  be  found:  Linear  theory  shows  an  increase  of  the  force 
coefficients  for  an  airfoil  approaching  the  ground.  The  nonlinear  theory,  however,  leads 
to  the  opposite  tendency  for  larger  angles  of  attack.  In  other  words,  for  a larger  than 

about  10°  the  coefficients  of  lift  and  moment  are  decreasing  for  an  airfoil  approaching 
to  the  ground.  Another  important  result,  found  from  these  calculations  is  the  fact,  that 
the  range  in  which  linear  theory  can  be  applied  is  strongly  reduced  to  very  small  angles 
of  attack  for  an  airfoil  closer  to  the  ground.  This  again  shows  the  importance  of  non- 
linear effects  for  airfoils  close  to  the  ground. 

In  Fig.  10  theoretical  results  are  compared  with  experiments  which  have  been  carried  out 
in  the  wind  tunnel  of  the  Institute  of  Fluid  Mechanics  of  the  Technical  University  in 
Braunschweig.  For  zero  jet  angle  (nj  = 0°)  linear  as  well  as  nonlinear  theory  agree  very 

well  with  experiments  for  the  airfoils  without  ground  and  near  grougd.  This  is  different 
for  higher  jet  angles.  For  = 30°  and  more  pronounced  for  n j = 60°  there  is  a large 

difference  between  the  results  of  linear  and  nonlinear  theory.  It  can  be  easily  seen 
that  nonlinear  theory  gives  much  better  agreement  with  experiments  than  linear  theory. 

CONCLUSION 

1.  The  vortex  lattice  method  can  be  applied  to  airfoils  with  flaps  near  ground.  Nonlinear 
effects  due  to  large  angles  of  attack  and  large  flap  angles  can  be  easily  included. 

2.  A theory  for  airfoils  with  jet  flaps  near  ground  has  been  developed  which  leads  to 

a nonlinear  dependence  of  the  lift  and  moment  coefficients  on  angle  of  attack  and  jet 
angle. 

3.  Nonlinear  effects  due  to  large  angles  of  attack  as  well  as  large  angles  of  flaps  or 
jet  flaps  become  essential  for  airfoils  close  to  the  ground. 

4 . The  forces  increase  due  to  ground  for  small  angles  of  attack  and,  in  contrast  to 
linear  theory,  decrease  for  large  angles  of  attack.  For  airfoils  with  zero  angle 

of  attack  the  forces  increase  due  to  ground  for  small  flap  anqles  or  jet  angles  and 
decrease  due  to  ground  for  large  flap  angles. 

5.  Comparison  with  experimental  results  show  very  good  agreement  for  jet  flap  airfoils. 
Linear  theory  is  valid  cnly  for  small  angles  of  attack  and  small  jet  angles  and  the 
regime  in  which  it  is  applicable  is  reduced  to  smaller  angles  for  airfoils  approaching 
the  ground. 
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Fig.  3 Vortex  distribution  for  a flat  plate  with  flap. 

Comparison  of  vortex  lattice  method  with  exact 
analytical  solution  after  Keune  [7],  [8] 

A = 0,5;  a = 7°;  n = 30° 


after  Keune  [7],  [8] 
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Fig. 





J Coefficients  of  lift  and  moment  as  functions  of  angle  of  attack  a 
and  relative  ground  distance  h/c,  jet  momentum  coefii  :ient  cy  - 0,5. 

Comparison  of  linear  and  nonlinear  theory. 
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SUMMARY  \ 

i 

The  hover  and  low  speed  rotor  wake-airframe-ground  aerodynamic  interference 
characteristics  of  the  XV- 15  Tilt  Rotor  Research  Aircraft,  now  under  construction  in 

a joint  U.S.  Array-NASA  program,  have  been  measured  in  wind  tunnel  tests  of  a scale  , 

model  and  applied  to  real  time  flight  simulation. 

The  principal  findings  of  the  tests  are:  (1)  A static  instability  in  roll 

occurs  during  hover  in  ground  effect.  The  instability  vanishes  at  airspeeds  greater  ; 

than  20  knots  and  at  height-diameter  ratios  greater  than  1.5.  (2)  In  forward  flight, 

rolled-up  rotor  wake  vortices  lie  just  above  the  horizontal  stabilizer  and  produce  the 
effect  of  a net  upwash  on  it.  (3)  When  the  aircraft  sideslips,  it  reduces  the  upwash 
effect  at  the  horizontal  stabilizer  and  causes  nose-up  pitching  with  yaw.  (4)  Inter- 
ference between  the  rotors  wakes  and  the  vertical  fins  reduces  directional  stability,  , 

and  makes  the  aircraft  directionally  unstable  for  sideslip  angles  less  than  4 degrees 
at  speeds  less  than  40  knots. 
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Semi-free  flight  scale  model  tests  and  real  time  flight  simulation  evaluated 
the  effect  of  aerodynamic  interference  cu  handling  qualities.  These  showed  a signifi- 
cant influence  in  hover  and  at  low  speeds,  with  the  influence  more  pronounced  in 
ground  effect  than  out  of  it.  At  airspeeds  above  60  knots,  interference  does  not 
have  a significant  effect  on  handling  characteristics.  In  hover  and  low  speed  flight, 
the  XV-15's  stability  augmentation  system  minimizes  the  influence  of  aerodynamic 
interference  and  makes  the  handling  characteristics  satisfactory. 
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SYMBOLS 

Lift  curve  slope  of  horizontal  stabilizer 

Fuselage  angle  of  attack 

Horizontal  stabilizer  angle  of  nttack 

Contribution  of  horizontal  stabilizer  to  aircraft  pitching  moment 
coefficient 

Variation  in  aircraft  pitching  moment  coefficient  with  incidence  of 
horizontal  stabilizer 

Contribution  of  vertical  fins  to  aircraft  yawing  moment  coefficient 
Downwash  angle  at  horizontal  stabilizer 

Heignt  of  rotor  plane  above  ground  divided  by  rotor  diameter 
Horizontal  stabilizer  incidence  angle 

Nacelle  incidence  angle  (90°  means  rotor  shaft  is  vertical,  0°  means 
rotor  shaft  is  horizontal). 


H 

V» 


Dynamic  pressure  ratio  at  horizontal  stabilizer 
Dynamic  pressure  ratio  at  vertical  fins 
Horizontal  stabilizer  volume 
Velocity  ulong  flight  path 
Sidewash  factor  at  fins 
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SUBSCRIPTS 
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W - Contribution  of  wing-body 

R - Contribution  of  rotor  wake 

T - Total  (contribution  of  rotor  wake  plus  wing-body) 


I.  INTRODUCTION 

For  more  than  twenty  years  the  tiLt  rotor  concept  has  appeared  to  be  a promising 
way  to  obtain  a VTOL  aircraft  having  the  hover  and  low  speed  flight  characteristics  of 
the  helicopter  and  the  high-speed  cruise  characteristics  of  the  fixed  wing  aircraft.  >•- 
The  XV-3,  an  early  effort  to  demonstrate  the  feasibility  of  the  tilt  rotor  concept, 
was  successfully  flown  in  both  the  helicopter  and  airplane  modes  of  flight  and  showed 
that  it  was  easy  to  convert  from  one  flight  mode  to  the  other.  3 • 14  While  the  XV-3 
verified  the  principles  of  the  concept,  it  revealed  several  technical  problems  in  the 
airplane  mode  of  flight.  These  problems,  which  had  to  be  solved  before  development  could 
proceed, 3*5  were  light  damping  of  the  aircraft  flight  modes,  excessive  flapping  of  the 
rotor  blades  in  maneuvers,  and  aeroelastic  instability  of  the  rotor- nace lie -wi ng 
dynamic  system.  Industry  and  government  agencies  have  over  the  past  ten  years  come 
to  understand  these  problems  and  have  found  practical  design  solutions,  thus  per- 
mitting development  of  the  concept  to  proceed . ^ ” 

The  XV-15  Tilt  Rotor  Research  Aircraft,  (Figure  1),  is  the  next  step  in  the 
development  of  the  Tilt  Rotor  VTOL  concept.  Under  development  >'n  a joint  U.S. 

Army/NASA  program,  the  XV-15  will  perform  proof-of-coneept  flight  research  and 
generate  technical  data  for  the  design  ot  tilt  rotor  aircraft  for  military  and 
civil  application.  Two  XV-15's  are  being  built  by  Bell  Helicopter  Company,  the 
prime  contractor.  Rollout  of  the  first  aircraft  is  scheduled  for  September  1975, 
with  first  flight  in  July  1976.  Some  of  the  characteristics  of  the  aircraft  are 
given  in  Table  I. 

Part  of  the  XV-15  flight  readiness  program  is  real-time,  pilot  in  the  loop, 
flight  simulation  which  is  investigating  handling  qualities,  furnishing  design  data 
for  the  cockpit  layout  and  the  automatic  flight  control  systems,  and  aiding  in  the 
development  of  normal  and  emergency  procedures.  The  simulation’s  mathematical  model 
includes  representation  of  aerodynamic  interference  between  the  rotor  wakes,  the 
airframe,  and  the  ground  because  the  XV-3  flight  test  program  encountered  several 
handling  problems  in  hover  and  low  speed  flight  that  were  attributed  to  this  inter- 
ference. (These  included  a tendency  to  dart  laterally  when  hovering  ICE,  a 
longitudinal  stick  position  reversal  at  lew  forward  speeds,  and  an  unacceptable 
pitch  oscillation  at  speeds  below  25  knots.  At  speeds  below  35  knots,  there  was 
a divergent,  long-period  directional  oscillation  that  induced  nose-up  pitching  if 
allowed  to  reach  large  amplitude.3  These  characteristics  appear  t0  be  inherent  to 
the  tilt  rotor  concept  because  of  the  combination  of  laterally  disposed  rotors  and 
a conventional  wing  and  empennage.)  It  was  essential  to  include  an  accurate 
representation  of  these  aerodynamic  interference  characteristics  in  the  math  model 
for  XV-15  simulation  to  allow  the  handling  qualities  in  hover  and  low  speed 
helicopter  flight  to  be  evaluated  and  to  make  the  simulation  useful  for  the  design 
of  the  stability  and  control  augmentation  system. 

This  paper  discusses  tests  of  a one-fifth  scale  model  which  measured  rotor 
wake,  airframe,  ground  interference.  The  tests  were  conducted  under  NASA  contract 
and  monitored  hy  the  U.S.  Army  AMRDL/NaSA  'lilt  Rotor  I’roject  Office  at  NASA-Ames. 

Complete  results  ol  'he  lists  are  available  in  Reference  9. 


2.  I ES  I APPARATUS  AND  PR<  >OEI  H KIN 

The  approach  was  somewhat  novel  in  that  a dynamically  scaled,  powered,  flutter 
model  was  used.  Because  the  model  was  Froude  scaled  it  could  fly  in  semi-free  flight 
to  establish  (rim  flight  parameters  and  demonstrate  handling  characteristics.  The 
dynamics l ly- sea  I ed  model  also  furnished  data  on  rotor  loads  and  airframe  vibration. 

2.1  Model  and  Instrumentation 

The  model  is  a one-fifth  scale  model  of  the  Bell  Helicopter  Company  Model  300, 
and  is  aerodynamics  1 ly  and  dynamically  similar  to  it.  (The  XV-15  and  Model  300 
designs  differ  primarily  in  powerplant  and  landing  gear  installations;  therefore 
the  results  of  the  model  tests  are  directly  applicable  to  the  XV-15.)  The  model. 


had  been  used  earlier  to 
stability  and  flight  mode 


investigate  the  coupled  rotor- nace 1 1 e-wi ng  aeroel 
stability  in  airplane  mode.*-13 


as  tic 


In  construction  the  m.^iel  is  typical  of  flutter  models  in  that  the  mass 
and  stiffness  distribution  of  the  major  structural  components  including  rotors 
are  scaled  to  preserve  natural  -equency  ratios  and  the  mass  ratio  (Lock  number). 
Fairings  of  fiberglass,  balsa,  and  aluminum  provide  the  correct  aerodynamic 
contour.  The  rotors  are  interconnected  and  powered  by  two  3.4  horsepower  Task 
motors.  They  are  controlled  by  a servo  feedback  system  that  gives  proportional 
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control  of  the  rotor  collective  and  cyclic  pitch  (including  differential  collecf1'‘,e 
for  roll  control  and  differential  cyclic  for  yaw  control).  The  elevator  and  ailerons 
are  controlled  by  "beep"  type  controls  and  the  incidence  of  the  flaps  and  empennage 
is  ground  adjustable. 

One  blade  on  the  right-hand  rotor  is  strain  gaged  for  bending  moments  and 
torsion.  The  right-hand  mast  is  strain  gaged  for  torque,  and  potentiometers  measure 
rotor  control  positions.  The  wing,  fuselage  and  empennage  are  strain  gaged  to  measure 
bending  and  torsion,  and  there  are  accelerometers  on  the  nacelles,  at  the  pilot's 
station  and  aircraft  c.g.,  and  on  the  vertical  fins.  The  position  of  t lie  model  with 
respect  to  its  mount  is  measured  in  terms  of  pitch,  roll,  vaw,  and  vertical  trans- 
lation. The  empennage  is  mounted  to  the  fuselage  through  a two-component  strain 
gage  balance  which  measures  empennage  lift  and  rolling  moment. 

2.2  Description  of  Tests 

Hover  tests  measured  static  roll  stability,  wing  download,  and  the  influence 
of  ground  effect  on  rotor  performance  and  investigated  controllability.  To  minimize 
recirculation  the  hover  tests  were  conducted  outdoors,  with  the  model  attached  to  a 
vertical  rod  by  a sliding  gimbal  as  shown  in  Figure  2.  For  the  static  tests,  the 
rod  was  fixed  in  the  vertical  position  and  the  model  restrained  in  pitch  and  yaw. 

Roll  static  stability  was  determined  from  the  measurement  of  rolling  moment  required 
to  hold  a given  roll  angle.  The  wing  download  was  determined  from  a comparison  of 
net  lift  of  the  aircraft  at  a given  blade  collective  pitch  setting  and  various 
settings  of  the  flaps  and  ailerons  and  with  thr  wing  aerodynamic  fairings  removed 
las  shown  in  Figure  2).  Rotor  performance  was  measured  at  various  height-diameter 
ratios  (h/D)  to  establish  the  influence  of  ground  effect  on  performance. 

Hover  controllability  tests  were  conducted  with  the  lower  end  of  the  vertical 
rod  unrestrained,  thus  allowing  the  model  to  translate  laterally  and  longitudinally 
as  well  as  vertically  and  with  the  model  free  to  pitch,  roll,  and  yaw.  Three  model 
operators  "piloted"  the  model,  with  one  operator  controlling  each  axis. 

Wind  tunnel  tests  measured  control  positions,  aircraft  attitude,  and  power 
required  in  trimmed  forward,  rearward  and  sideward  flight.  Controllability  was 
investigated  in  semi- free f 1 igh t tests.  These  tests  took  place  in  the  LTV  low-speed 
wind  tunnel,  which  has  a V/STOL  test  section  15  feet  by  20  feet  in  cross  section. 

For  the  XV- 15  scale  model  the  tunnel  has  a maximum  speed  equivalent  to  100  knots, 
full-scale.  A moving  belt  ground  plane  was  used  for  ICE  tests.  The  model  was 
mounted  on  a vertical  rod  mount,  as  shown  in  Figure  3,  and  was  free  to  translate 
vertically  and  to  pitch,  roll,  and  yaw.  Model  operators  used  the  remote  proportional 
control  system  to  fly  the  model. 

Control  position,  aircraft  attitude,  and  power  required  for  a range  of  flight 
conditions  were  obtained  by  flying  the  model  to  the  desired  condition.  Data  were 
taken  at  several  h/D  ratios  and  for  four  nacelle  incidence  angles  (90°,  75°,  60°  and 
30°).  Figures  4,  5,  and  6 show  examples  of  the  trim  data  obtained  from  the  semi- 
freef light  test. 

Stick  position  and  power  required  for  helicopter  mode  level  flight  are  shown 
in  Figure  4.  The  stick  gradient  is  shallow  tor  0GE  flight  up  to  an  airspeed  of 
60  knots  and  there  is  a stick  reversal  indicated  for  IC.E  flight.  Figure  5 shows 
the  variation  of  stick  position  and  power  with  pitch  attitude  (representing  climb 
and  descent  conditions).  The  stick  position  gradient  with  angle  of  attack  was 
stable  over  the  range  of  airspeeds  tested.  Figure  6 shows  the  variation  in  trim 
stick  position  with  sideslip  angle.  Note  that  it  takes  forward  stick  to  trim  pitch 
with  either  direction  of  sideslip. 

In  order  to  isolate  the  aerodynamic  interference  between  the  rotor  wakes  and 
the  airframe,  the  model  was  mounted  on  a sting  with  a six-component,  internal,  strain 
gage  balance  located  close  to  the  model  center  of  gravity.  Trim  parameters  estab- 
lished during  the  semi-freef light  test  were  use*  to  obtain  a trimmed  condition  on  the 
sting.  Pitch,  yaw,  and  control  position  sweeps  were  made  about  the  trim  point. 

Sweeps  were  repeated  for  the  model  with  the  rotors,  the  wing  aerodynamic  fairings, 
the  empennage  and  combinations  of  these  components  removed  to  isolate  aerodynamic 
interference  effects.  Figure  7 is  an  example  of  the  data  from  the  force  and  moment 
test . 


A tufted  grid  was  set  up  behind  the  empennage,  as  shown  in  Figure  8,  to 
display  the  flow  in  the  vicinity  of  the  empennage.  Smoke  was  also  injected  upstream 
of  the  model  for  flow  visualization. 


3.  DISCUSSION  OF  RESULTS 
3.1  Hover 

Static  roll  stability  in  hover  was  examined  at  rotor  height/diameter  (h/D) 
ratios  from  0.5  (wheels  on  ground)  to  1.0.  Figure  9 shows  that  an  instability 
exists  above  an  h/D  = 0.54.  The  roll  instability  was  found  to  be  linear  with  roll 
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angle  over  the  i 6 degree  roll  range  tested.  Interpolation  of  the  data  indicates 
that  the  maximum  instability  occurs  at  h/D  = 0.85.  Previous  tests^.li  have  shown 
that  the  instability  vanishes  at  height/diameter  ratios  of  1.5  and  above.  Semi- 
freeflight  wind  tunnet  tests  showed  that  the  roll  instability  vanishes  at  air- 
speeds above  approximately  20  knots. 

When  the  model  was  tested  with  the  wing  fairings  removed,  there  was  almost 
no  roll  instability.  Although  tne  mechanism  causing  the  roll  instshility  was  not 
established,  it  appears  that  cross  flow  induced  by  the  rotor  downwash  causes  a 
reduction  in  pressure  on  the  underside  of  the  low  wing.  The  strength  ol  th"  cross 
flow  varies  with  h/D,  causing  the  roll  stability  to  vary. 

The  full-scale  control  input  required  for  trimming  the  measured  instability 
was  found  to  be  0.051  inches  of  lateral  stick  per  degree  of  roll  at  an  equivalent 
full-scale  gross  weight  of  8,250  pounds.  The  lateral  control  requirement  is 
expected  to  increase  linearly  with  the  rotor  downwash  dynamic  pressure.  Thus  at 
the  maximum  VT0L  gross  weight  of  the  XV-15  (15,000  pounds)  the  maximum  lateral  control 
requirement  is  predicted  to  be  0.093  inch  of  stick  per  degree  of  roll.  For  a ten- 
degree  wing  drop  in  ground  effect,  the  lateral  stick  for  trim  would  be  0.93  inch. 
Maximum  lateral  stick  travel  available  is  t4.8  inches. 

Wing  download  was  measured  by  comparing  data  taken  with  the  wing  fairings  on 
and  off.  At  a thrust  representing  the  XV-15  aircraft  at  10,600  pounds,  the  wing 
download  was  11.4  percent  of  thrust  at  h/D  = 1.0,  as  shown  in  Figure  10.  This  is 
higher  than  the  7 percent  predicted  by  extrapolating  XV-3  model  data,  and  it  appears 
that  a Reynolds  number  effect  causes  the  difference.  Hoerner1^  shows  that  the  drag 
of  cross-sectional  shapes  with  rounded  edges  and  flat  sides  is  strongly  dependent 
on  Reynolds  number  (see  Figure  11).  These  shapes  are  comparable  to  a wing  with  flaps 
deflected,  at  an  angle  of  attack  of  -90  degrees.  The  drag  coefficient  drops  by 
approximately  50  percent  as  Reynolds  number  increases  from  that  of  the  model  (2  x 103) 
to  full-scale  (2  x 10®).  Thus  the  model  download,  11.4  percent  thrust  (at  h/D  = 1.0), 
is  predicted  to  be  5 to  7 percent  of  thrust  for  the  full-scale  aircraft.  This  level 
is  verified  by  comparing  another  small  scale  model  test1-1  conducted  at  Reynolds 
numbers  around  4 x 10^  with  a full-scale  rotor-and-wing  download  test1J  (see  Figure 
10). 

Figure  10  shows  that  the  download  diminishes  and  becomes  an  upload  when  the 
roto  '-and-wing  system  approaches  the  ground.  This  effect  is  due  to  a positive 
pressure  developed  under  the  wing  much  as  the  base  pressure  is  developed  on  a 
peripneral  jet  air  cushion  vehicle. 

The  flap  setting  to  minimize  wing  download  was  investigated  at  h/D  = 1.0.  As 
shown  in  Figure  12,  flaps/aileron  settings  of  45°/25°,  60°/45°  and  75°/45°  each 
increased  the  net  thrust  over  the  baseline  case  (0°/0°)  by  six  percent.  A setting 
of  75°/75°  increased  the  net  thrust  over  the  baseline  by  only  4.7  percent.  While 
Reynolds  number  effects  make  the  download  data  questionable,  the  trend  suggests 
that  the  optimum  setting  may  be  in  the  range  of  45  degrees.  Additional  data  is 
needed  to  establish  the  flap/aileron  setting  for  minimum  download. 

The  influence  of  ground  proximity  on  rotor  performance  was  evaluated  by 
testing  the  model  with  the  wing  panels  on  and  off  at  h/D  ratios  ranging  from  0.5 
to  1.0.  The  measured  increase  in  rotor  thrust  due  to  ground  effect  is  shown  in 
Figure  13.  At  constant  power,  thrust  increased  nearly  20  percent  as  the  rotor 
descended  from  a height  of  one  diameter  to  0.5  diameter  (wheels  on  ground).  The 
presence  or  absence  of  the  wing  panels  did  not  make  a significant  difference  (see 
Figure  13).  At  h/I)  = 0.5  the  power  required  to  hcver  was  reduced  from  that 
required  at  h/D  = 1.0  by  12  percent  at  a high  gross  weight  and  20  percent  at  low 
giuss  weight. 

3.2  Forward  Flight 

Aerodynamic  interference  in  forward  flight  was  investigated  by  the  observa- 
tion of  flow  in  the  vicinity  of  the  wing  and  empennage  and  the  measurement  of  the 
effect  of  interference  on  the  empennage. 

Smoke  injected  upstream  of  the  left-hand  rotor  showed  the  nature  of  rotor- 
wing aerodynamic  interference.  Tests  of  a l/10-scale  model  had  previously  shown 
that  the  wing  download  in  hover  changes  to  an  upload  in  forward  flight.1  As 
shown  in  Figure  14,  the  wing  begins  to  contribute  lift  at  an  airspeed  of  35  knots, 
whereas  linearized  wake  theory  would  predict  the  wing  to  be  immersed  in  the  rotor 
wake  at  that  low  an  airspeed.  Observation  of  the  flow  showed  that  at  speeds  as  low 
as  20  knots  the  rotor  induced  a strong  upwash  at  the  wing  leading  edge  and  that  the 
rotor  wake  was  completely  off  the  wing  at  speeds  over  30  knots.  The  nonuniformed 
induced  velocity  of  the  rotor  appears  responsible  for  the  wake  moving  off  the  wing 
at  low  airspeeds. 

The  flow  patterns  in  the  vicinity  of  the  empennage  were  studied  using  photo- 
graphs of  the  tufted  grid  and  smoke  visualization.  Figure  IS  shows  flow  patterns 
sketched  from  photographs.  At  16  and  20  knots,  the  patterns  suggest  a net  downwash 
at  the  horizontal  stabilizer,  but  empennage  balance  data  indicates  a net  upload 
even  at  those  airspeeds.  At  30  and  40  knots,  the  flow  patterns  are  distinct  and 
uhow  that  rolled  up  rotor  wake  vorrices  are  located  directly  above  the  horizontal 
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stabilizer.  At  these  speeds,  the  wake  from  each  rotor  has  the  appearance  of  the 
wake  of  a highly  loaded  low-aspect-ratio  wing.  The  effect  is  to  produce  upload 
on  the  horizontal  stabilizer,  probably  due  more  to  vortex- induced  lift  than  to  an 
actual  upwash . 

The  tufted  grid  was  not  used  at  airspeeds  higher  than  40  knots.  Smoke 
patterns  at  higher  speeds  showed  that  the  rolled-up  vortices  move  downward  and 
outward  as  airspeed  increased.  A net  upwash  over  the  apan  of  the  horizontal 
stabilizer  was  visible  at  airspeeds  between  60  and  100  knots. 

When  the  model  was  yawed,  the  vortex  cores  shift  laterally  with  respect  to 
lue  fuselage  centerline.  As  will  be  shown  later,  this  has  two  effects:  (1)  it 

reduces  the  strength  of  the  rotor-wake- induced  lift  on  the  horizontal  stabilizer, 
reducing  the  upload  and  causing  nose-up  pitching,  and  (2)  for  yaw  angles  between 
0 and  12  degrees,  it  reduces  directional  stability,  apparently  due  to  the 
vortices  moving  laterally  with  respect  to  the  fins.  At  yaw  angles  greater 
than  12  degrees,  the  rotor  wakes  were  found  to  increase  the  effectiveness  of 
the  fins  and  thereby  increase  the  directional  stability  of  the  aircraft. 

The  interference  between  the  rotor  wakes  and  the  empennage  was  extracted 
from  the  test  data  using  the  assumption  that  the  aerodynamic  interference  is 
superimposed  on  the  aerodynamic  characteristics  of  the  basic  airframe.  The 
downwash  at  the  horizontal  stabilizer  is  assumed  to  be  caused  by  the  wing  and 
the  rotors,  with  each  acting  separately,  and  with  the  total  downwash  being  the 
sum  of  the  respective  downwashes.  (It  is  recognized  that  representing  the  effect 
of  the  rotor  wake  on  the  horizontal  stabilizer  in  terms  of  a net  upwash  or  down- 
wash  is  a gross  simplification,  but  this  approach  makes  the  problem  tractable  for 
application  to  real  time  simulation.  To  represent  the  actual  flow  field  in  the 
vicinity  of  the  empennage  vith  a rigorous  math  model  is  not  presently  feasible. 
Additional  data  on  pressure  distributions,  local  flow  velocities,  etc.  would  be 
required  to  develop  a more  rigorous  model.) 

The  mathematical  manipulations  used  to  extract  interference  effects  from  the 
test  data  were  as  follows:  For  example  knowing,  that 

cm  = Cm  - C = -a  tj  V a (1) 

H Tail  on  Tail  oit 


(C,n  iH  = 4°  miH  = 0“)/ 


/U°  = * ",  VH 


hence , 


“» ■ VS„ 5 “p  • X 


giving, 

< -“r  ' “h  = <*„  - C /C  (4) 

^ F H F mH  miH 

The  horizontal  stabilizer  lift  curve  slope  was  estimated  by  the  method  given  in 
Reference  14,  and  the  dynamic  pressure  ratio  was  calculated  from 

V = Gm  /anVH  (5) 

“w  miH  H H 

The  downwash  and  dynamic  pressure  ratio  due  to  the  rotor's  wakes  was  determined 
by  using  Equations  (1)  through  (5)  to  determine  first  the  total  (wing  + rotor)  downwash 
and  dynamic  pressure  ratio, €Hj  and  The  aownwash  and  dynamic  pressure  ratio  due 

to  the  rotors  were  than  determined  from 

e„  = c„  (6) 


Figure  16  compares  the  effective  net  downwash  angle  and  dynamic  pressure  ratio 
at  the  horizontal  stabilizer  with  those  due  to  the  wing/nacelle/fuselage  (rotors  off). 
Hie  effect  of  the  rotors  is  to  produce  a net  upwash  and  an  increase  in  dynamic  pressure 
ratio.  Hie  contribution  due  to  the  rotors  is  shown  in  Figure  17  in  terms  of  downwash 
velocity  (V„  = V«  tan  «„  ) and  dynamic  pressure  ratio  . 

mR  nR  R 
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Sideslip  was  found  to  reduce  the  magnitude  of  the  upwash  at  the  horizontal 
stabilizer,  as  shown  in  Figure  18.  The  downwash  velocity  was  determined  by  assuming 
the  total  dynamic  pressure  ratio  to  be  constant  (equal  to  its  value  at  zero  sideslip). 

The  reduction  in  upwash  velocity  causes  nose-up  pitching  when  the  aircraft  is 
sideslipped. 

The  effect  of  the  rotor  wake  on  directional  stability  was  determined  by  taking 
the  ratio  between  the  rotors-on  and  rotors-off  yawing  moment  coefficients.  Knowing 

C = C - C (8) 

nV  nTail  on  nTail  o lc 

and  defining 

Cn  Rotors  On 

K0  = C V Rotors  Off  (9) 

nV 

Kp  is  then  effectively  the  ratio  of  the  product  of  the  fin  efficiency  factor  and 
the  fin  sidewash  factor: 

r,VT(l-d<7/d(3)  Rotors  On 
(l-da/dp)  Rotors  Off 

1 

The  measured  variation  of  Kp  with  sideslip  angle  and  airspeed  is  shown  in 
Figure  19.  Note  that  at  low  airspeeds  the  aircraft  is  directionally  unstable  for 
sideslip  angles  between  ±4  degrees. 

Data  such  as  shown  in  Figures  16  through  19  were  also  obtained  for  nacelle 
incidence  angles  of  75°,  60°,  and  30°.  There  was  a significant  reduction  in  aero- 
dynamic interference  as  the  nacelles  were  tilted  forward.  For  example,  as  shown  in 
Figure  20,  the  downwash  and  dynamic  pressure  ratio  at  the  horizontal  stabilizer 

induced  by  the  rotor  wakes  is  very  similar  at  75°  and  90°  nacelle  incidence,  while  j 

at  60*  and  30°  there  is  substantially  less  interference.  j 


4.  EVALUATION  OF  THE  EFFECT  OF  AERODYNAMIC  INTERFERENCE  ON  HANDLING  QUALITIES 

The  effect  of  rotor-wake-airframe-ground  aerodynamic  interference  on  the  XV-15's 
handling  qualities  was  evaluated  by  observing  model  flying  characteristics  during  the 
semi-freeflight  tests  and  from  pilot  comments  during  real  time,  pilot  in  the  loop, 
flight  simulation. 

4.1  Semi-Freef light  Tests 

During  hover  controllability  tests,  the  model  pilots  were  assigned  the  task  of 
lifting  off  to  3 hover  and  maintaining  position  over  the  takeoff  point.  Controlling 
the  model  proved  to  be  exceedingly  difficult,  and  most  of  the  test  time  was  spent 
developing  pilot  skill.  (It  should  be  noted  that  the  model  time  scale  is  2.24  times 
real  time.)  Hover  could  generally  be  maintained  over  a spot  'ntil  a wind  gust  or 
control  input  disturbed  the  model  in  roll.  The  model  would  then  translate  laterally 
to  the  translational  limits.  Attempts  to  regain  control  generally  resulted  in  over- 
controlling. It  soon  became  evident  that  it  would  take  too  long  to  develop  the 
necessary  pilot  proficiency  to  obtain  useful  data  and  the  investigation  was  discon- 
tinued . 


In  the  wind  tunne  semi-freeflight  tests,  the  model  could  be  trimmed  at  the 
lowest  speed  achievable  n the  tunnel  (approximately  16  knots  full  scale).  In  the 
16  to  30  knots  range,  control  was  difficult  but  manageable.  Above  35  knots,  the 
model  became  very  easy  to  trim  and  control  and  above  50  knots  the  model  would  main- 
tain a trimmed  condition  "hands  off."  The  model  was  also  flown  in  sideward  and 
rearward  flight  at  speeds  up  to  35  knots.  In  both  cases,  roll  control  was  difficult 
but  manageable  while  pitch  and  yaw  control  were  fairly  easy  (even  in  rearward  flight). 
The  model  was  noticeably  more  stable  in  descents,  including  autorotation,  than  in 
level  flight  and  climbs.  A brief  investigation  o"  controllability  at  nacelle  incidence 
angles  of  60°  and  30*  showed  the  model  to  be  eat,  .o  control  about  all  axes.  In 
general,  the  model's  handling  characteristics  in  hover  and  at  low  speed  were  similar  to 
those  observed  in  the  XV-3  flight  tests  (as  discussed  in  Section  2). 

4.2  Real  Time  Flight  Simulation 

Real  time  pilot  in  the  loop  simulation  was  conducted  on  the  NASA-Ames  Flight 
Simulator  for  Advanced  Aircraft  (FSAA)1--’  in  December  1973.  The  math  model  included 
the  static  instability  in  roll  in  hover,  the  effect  of  IGE  operation  on  rotor  per- 
formance, the  wing  download  variation  with  airspeed,  and  the  effect  of  the  rotor's 
wakes  on  the  horizontal  stabilizer  and  fin.^° 
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ALthough  the  effects  of  the  interference  were  not  evaluated  directly,  their 
influence  was  noted  during  the  evaluation.  Observed  effects  included:  (1)  Increased 

workload  to  control  roll  when  operating  IGE . his  effect  of  the  static  instability  in 
roll  was  most  apparent  when  taking  off  or  landing.  (2)  Stick  position  reversal, 
directional  instability,  and  pitch  coupling  with  siueslip  during  transition  from  hover  to 
forward  flight.  (3)  Nr  ■ 2 down  pitching  when  increasing  collective  pitch  at  speeds 
between  20  and  60  knots.  Alt  of  these  characteristics  were  similar  to  those  observed 
in  the  scale  model  semi-freeflight  tests. 

The  XV-15  has  a dual,  three  axis  stability  and  control  augmentation  system  (SCAS) 
that  increases  the  aircraft's  damping  and  provides  control  quickening.  Evaluation 
included  operation  with  the  SCAS  off,  and  with  one  channel  per  axis  failed.  With  the 
SCAS  off,  the  adverse  effect  of  interference  on  handling  characteristics  was  very 
apparent  and  in  the  20  to  50  knot  speed  range  made  the  simulator  difficult  to  fly. 

The  pitch  coupling  with  sideslip  was  the  most  disturbing  characteristic  and  the  pilot 
had  to  be  careful  to  coordinate  turns.  With  the  SCAS  on,  the  effects  of  interference 
are  not  as  apparent  and  the  simulator  was  easy  to  fly.  Even  with  one  channel  per 
axis  failed,  the  SCAS  provides  acceptable  handling  characteristics. 


5.  CONCLUDING  REMARKS 

The  use  of  a Froude  scaled  flutter  model  proved  to  be  a practical  means  of 
measuring  rotor  wake-airframe-ground  aerodynamic  interference.  The  capability  to 
establish  trimmed  flight  conditions  and  to  demonstrate  handling  characteristics 
with  semi-freeflight  te-t”  provides  data  not  obtainable  with  a more  conventional 
force  and  moment  model. 

The  fact  that  handling  characteristics  observed  during  re  il  t’me,  pilot-in- 
the- loop, flight  simulation  were  similar  to  those  observed  in  semi-freeflight  tests 
of  the  model  gives  credence  to  the  mathematical  representation  of  the  measured  aero- 
dynamic interference.  Further  confidence  is  provided  by  the  similarity  between 
SCAS  off  hover  and  low  speed  handling  characteristics  on  the  simulator  and  those 
observed  in  the  XV-3  flight  tests  (the  XV-3  did  not  have  a SCAS). 

This  program  has  increased  confidence  that  the  XV-15's  stability  and 
control  augmentation  system  will  minimize  the  adverse  effects  of  aerodynamic 
interference  and  provide  satisfactory  hover  and  low  speed  handling  character- 
istics . 
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TABLE  I XV-L5  CHARACTERISTICS 


Ubights 


Weight  Bnpty 
Design  GW 
Maximum  VTOL  GW 

Power pi  ant  (2) 

Manufacturer  & Model 

Max  Continuous  Power 
Contingency  Power 
(2  min) 

Rotor  (2 ) 

Diameter 
SoLidi ty 

Tip  Speed 

Helicopter  Mode 
Airplane  Mode 


Empennage  ("H"  Tail  ) 

Horizontal  Tail  Area  sq  ft 

Total  Vertical  Tail  Area  sq  ft 

Design  Limit  Airspeeds 


Helicopter 
Conversion 
Ai rplane 


lb 

8 ,400 

lb 

13,000 

lb 

1 5 , 000 

Avco 

LTC1K-4I 

Lycoming 

SHP 

1,250 

SUP 

1,760 

ft 

25 

ND 

.089 

f t/sec 

740 

f t/sec 

600 

ft 

32.17 

sq  ft 

181 

ft 

5.225 

sq  f t 

50.75 

i sq  f t 

50.5 

kts  (EAS) 

156 

lets  (EAS) 

189 

kts  (EAS) 

300 

7\ 


50.5  | Figure  1.  XV- 15  Tilt  Rotor  Research  Aircraft. 
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U.  S.  AIR  FORCE  V/STOL  AIRCRAFT  AERODYNAMIC  PREDICTION  METHODS 
Henry  W.  Woo lard 

Flight  Control  Division,  Control  Criteria  Branch  (FGC) 

U.  S.  Air  Force  Flight  Dynamics  Laboratory 
Wright-Patterson  AFB , Ohio  45433,  USA 


SUMMARY 


Three  U.  S.  Air  Force  sponsored  programs  dealing  with  the  development  of  analytical  methods  for  the 
prediction  of  the  aerodynamic  characteristics  of  V/STOL  aircraft  are  reviewed  In  part.  Two  of  the  pro- 
grams are  concerned  with  the  aerodynamics  of  STOL  aircraft  exclusively,  with  emphasis  on  high-lift  systems 
utilizing  Internally-blown  flaps,  under- th e-wing  externally-blown  flaps,  and  mechanical  flaps  combined 
with  thrust  vectoring.  A third  program  la  concerned  with  the  power-induced  aerodynamics  of  lift-jet, 
lift-fan,  and  vectored-thrust  V/STOL  aircraft  operating  in  the  hover  and  transition  flight  regimes.  In 
this  paper  principal  emphasis  is  placed  upon  describing  selected  methods  that  employ  rational  analytical 
modeling  of  the  real  aerodynamics  in  conjunction  with  empirical  modifications  as  required.  Little 
attention  is  given  to  pure  empirical  methods.  Some  comparisons  with  experiment  are  given,  but  the  main 
emphasis  Is  on  the  description  of  methodology. 

NOTATION 

A aspect  ratio  or  cross-sectional  area 

Cg,  section  and  finite-wing  Jet-flapped  wing-lift  coefficients  respectively.  Includes  the  cir- 

culation and  reaction  lift  contributions  of  the  "captured"  fraction  (see  Fig.  2)  of  the 
blowing  jet  that  produces  supercirculation. 

c«  , Ct  section  and  flnlte-wing  lift  coefficients  respectively  due  to  the  "spilled"  fraction  (see 

8P  SP  Fig.  2)  of  the  blowing  let. 


cv  Cl 


total  section  and  finite-wing  jet-blown  wing  lift  coefficients  respectively  c^  ■ c^  + c4  ; 
CL  ■ CL  + cLap.  sp 


C£a>  CLa  Sc^/Ba  and  3Cl/3oi  respectively. 
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section  and  finite-wing  blowing-momentum  coefficients  respectively. 

[(cs,ci)x/(c|l0l)o]t;heo  and  [(CLa)w/(CLc<)0]theo  respectively,  where  the  subscript  "theo" 
denotes  idealized  theoretical  values. 

projected  wing  areas  respectively  for  flaps  retracted  and  extended, 
dynamic  pressure,  pU^/2. 

two-  and  three-dimensional  angles  of  attack  respectively, 
induced  angle  of  attack, 
flap  deflection  angle. 

denotes  the  captured  fraction  of  the  engine  jet  exhaust  impinging  on  the  flap  system  (see 
Fig.  2). 

denotes  the  stall  state. 

spilled  fraction  of  the  engine  exhaust  Jet  impinging  on  the  flap  system  (see  Fig.  2). 
denotes  the  eg,  * Cl  “ 0 state,  not  ■ Cl  “ 0 (see  definitions  for  cj , Cl,  cj,  and  Cl)  • 

denotes  power-on  and  power-off  states  respectively. 

denotes  a coefficient  (except  as  applied  to  c'  and  S')  based  on  the  extended  chord  length, 
c',  or  the  projected  wing  area,  S„,  resulting  from  the  Fowler  action  of  a flap,  e.g., 
a'  - (Sw/S^)a,  b'  » (c/c')b,  etc. 

denotes  a hypothetical  flapped  wing  for  which  the  flow  over  the  flap  segments  is  always 
attached,  but  for  which  leading-edge  separation  may  occur. 

denotes  respectively  a change  in  y due  to  x and  a change  in  y due  to  x at  the  state  condi- 
tion z,  where  x,  y,  and  z may  be  any  variable  or  parameter. 

empirical  correction  (Convair)  to  the  induced-drag  aerodynamic  efficiency  factor,  e 
(See  page  22-5  and  Fig.  5). 
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1.  INTRODUCTION 

During  the  past  several  years,  the  U.S.  Air  Force  Flight  Dynamics  Laboratory  has  sponsored  a number 
of  programs  concerned  with  the  development  of  analytical  methods  for  the  prediction  of  the  aerodynamic 
characteristics  of  STOL  and  V/STOL  aircraft.  This  paper  reviews  some  of  the  methods  evolving  from  thiee 
of  these  programs.  Two  of  the  programs  are  concerned  with  the  aerodynamics  of  STOL  type  aircraft  exclu- 
sively, with  emphasis  on  high-lift  systems  utilizing  internally-blown  flaps,  under-the-wlng  externally- 
blown  flaps,  and  mechanical  flaps  combined  with  thrust  vectoring.  One  of  the  two  STOL  programs,  known  as 
the  STOL  Tactical  Aircraft  Investigation  (STAI),  is  a broad-based  effort  dealing  with  many  facets  of  STOL 
Tactical  Aircraft  Technology  of  which  the  aerodynamic  predlctlon^methodology  is  only  a part.  The  back- 
ground and  scope  of  this  program  is  outlined  by  Osborn  and  Oates1  in  the  fourth  paper  of  this  Symposium. 

The  Tactical  Aircraft  Investigation  program  Involved  separate  efforts  by  the  Convalr  Division  of  General 
Dynamics,  the  Los  Angeles  Aircraft  Division  of  Rockwell  International  Corporation,  and  the  Boeing  Company. 
The  other  STOL  program  was  performed  by  the  Douglas  Aircraft  Company  of  the  McDonnell  Douglas  Corporation. 

A third  program,  conducted  by  the  Aircraft  Division  of  the  Northrop  Corporation,  is  concerned  with  the 
power  Induced  aerodynamics  of  lift-jet,  lift-fan,  and  vectored-thrust  V/STOL  aircraft  operating  in  the 
hover  and  transition  flight  regimes. 

As  originally  conceived  by  the  Air  Force  Flight  Dynamics  Laboratory,  the  aerodynamic  prediction 
methods  developed  under  the  STOL  Tactical  Aircraft  Investigation  were  to  be  of  the  handbook  preliminary 
design  and  evaluation  type;  that  is,  relatively  simple  in  form,  easy  to  apply,  and  conforming  generally 
to  the  spirit  of  the  U.S.  Air  Force  Stability  and  Control  DATCOM^  and  the  British  Royal  Aeronautical 
Society  Aerodynamics  Data  Sheets^.  Whenever  possible,  the  methods  developed  were  to  be  based  upon 
fundamental  flow  principles  with  appropriate  empirical  modification  as  opposed  to  a total  reliance  upon 
empiricism.  To  aid  in  the  establishment  of  some  of  the  empirical  constants,  as  well  as  to  provide  an 
aerodynamic  data  base  for  the  other  facets  of  the  Investigation,  extensive  wind-tunnel  tests1'  were  con- 
ducted as  a part  of  the  program.  In  contrast  to  the  STOL  Tactical  Aircraft  Investigation,  the  Douglas 
program  deals  primarily  with  relatively  complicated  prediction  methods  and  secondarily  with  simple 
TWthoJs  Lwugis  , pr<Jgi  w did  *.  t invlud*  ar  wpstiiKH  *1  inuu*  t Igit  k-  i , suu 

comparisons  of  the  methods  with  the  wind-tunnel  data  of  the  STOL  Tactical  Aircraft  Investigation  are  made. 
The  Northrop  program  utilizes  methodr  logies  that  vary  from  moderate  complexity  to  the  simpler  handbook 
type.  In  their  program,  Northrop  conducted  wind-tunnel  tests  on  transverse  jets  and  on  a vectored-thrust 
fighter-aircraft  configuration. 

Due  to  space  limitations,  it  is  impossible  to  review  the  subject  methods  and  their  validation  in  any 
great  depth.  Principal  emphasis  is  placed,  therefore,  upon  describing  selected  methods  that  employ 
rational  analytical  modeling  of  the  real  aerodynamics  in  conjunction  with  empirical  modifications  as 
required.  Little  attention  is  given  to  pure  empirical  methods.  Some  comparisons  with  experiment  are 
given,  but  the  principal  emphasis  is  on  methodology.  Further  details  regarding  the  methods  may  be  found 
in  the  cited  references. 

2.  STOL  TACTICAL  AIRCRAFT  INVESTIGATION  PROGRAM 

4 5 6 

This  section  reviews  the  aerodynamic  prediction  methods  ’ ’ developed  by  the  three  contractors 
participating  in  the  STOL  Tactical  Aircraft  Investigation.  The  high-lift  systems  considered  are  wings 
with  internally-blown  flaps  (IBF),  wings  with  under-the-wlng  externally-blown  flaps  (EBF),  and  wings 
with  mechanical  flaps  and  engine-nacelle  installations  having  a thruBt  vectoring  capability  (MF/VT) . These 
systems  are  illustrated  in  Fig.  1.  Note  that  the  internally-blown  flap  system  consists  of  two  sub- 
divisions: (1)  a pure  jet-flap  system;  and  (2)  a Jet-augmented  flap  system.  The  pure  Jet-flap  system 

involves  blowing  at  the  extreme  trailing  edge  whereas  the  Jet-augmented  flap  system  Involves  a blowing 
from  a location  upstream  cf  the  trailing  edge,  usually  near  the  flap  leading  edge.  High-lift  systems 
utilizing  ejector  flaps  (augmentor  wing)  or  upper-surface  bloving  aiu  not  treated  in  this  investigation. 
Each  contractor  was  responsible  for  specific  high-lift  systems.  Convalr  studied  internally-blown  flaps, 
externally-blown  flaps,  ano  mechanical  flaps  with  thrust  vectoring;  Rockwell  studied  externally-blown 
flaps;  while  Boeing  Investigated  mechanical  flaps  with  thrust  vectoring.  The  Boeing  Company  was  respon- 
sible also  for  a low  level  experimental  effort  on  internally-blown  flaps.  Although  there  was  no  Air 
Force  requirement  for  Boeing  to  develop  IBF  analytical  prediction  methods,  nevertheless  an  analysis  was 
performed  and  is  reported  upon  in  Ref.  7. 

The  approach  employed  by  all  the  contractors  is  to  develop  methods  for  the  power-on  effects  incre- 
mental to  the  power-off  aerodynamics.  For  the  power-off  base,  Convalr  utilizes  the  methods  of  DATCOM^ 
with  some  modifications  of  its  own  for  multi-slotted  flaps,  Rockwell  International  utilizes  DATCOM,  while 
Boeing  uses  its  own  methods  in  combination  with  those  of  DATCOM. 

This  review  is  concerned  with  the  methods  for  predicting  the  incremental  power  effects.  Considera- 
tion is  not  given  directly  to  the  power-off  aerodynamics,  althoigh  the  subject  is  indirectly  alluded  to. 

Prediction  of  the  incremental  power  effects  for  internally-  and  externally-blown  flap  systems  is 
accomplished  by  relating  the  actual  systems  to  the  two-  and  three-dimensional  potential-flow  aerodynamics 
of  pure  Jet-flapped  wings  by  means  of  flow-model  analogies  and  appropriate  correction  factors. 

2.1  Potential  Flow  Theories  for  Jet-Flapped  Wings 


In  che  Convalr  and  Rockwell  methodologies,  the  Incremental  power  effect  on  wings  with  internally-  or 
externally-blown  flaps  is  based  upon  heuristic  and/or  empirical  modifications  to  two-  and  three-dimensional 
potential-flow  theories  for  pure  Jet-Clapped  wings.  For  two-dimensional  flows,  both  contractors  use  the 
well-known  thin-alrfoil  jet-flap  wing-section  theory  of  Spence®>9.  Although  there  are  a number  of  alterna- 
tive methods  available  for  the  two-dimensional  case,  they  appear  to  offer  little  advantage  over  the  Spence 
method.  The  methods  available  for  three-dimensional  Jet-flap  wing  flows  fall  into  the  two  categories  of 
either  a lifting-surface  theory  or  a lifting-line  theory.  Generally,  the  lifting-surface  theories  were 
considered  to  be  too  complicated  for  the  handbook  type  methods  to  be  developed  in  the  STOL  Tactical 


22-3 

Aircraft  Investigation.  Corral'-,  however,  did  employ  the  DaslO  lifting-surface  theory  to  establish  some 
universal  parameters  for  one  of  their  approximate  procedures.  Basically,  the  requirement  In  this  program 
Is  for  relatively  simple  analytical  expressions.  A lifting-line  analysis  of  a "jet-flapped  elliptic 
wing"  satisfies  this  need. 

A jet-flapped  elliptic  wing,  or  alternately  a blown  elliptic  wing,  is  defined  herein  as  a wing 
having  an  elliptic  planform,  an  elliptic  span  loading,  and  an  elliptic  spanwlse  distribution  of  blowing 
momentum.  Analogoi'3  to  an  unblown  elliptic  wing,  the  blown  elliptic  wing  has  the  properties  that  the 
section  lift  coefficient,  c i,  section  blowing  momentum  coefficient,  c^,  and  the  downwash  angle  are 
constant  distributed  spanwlse.  Additionally,  the  section  and  total  lift  coefficients,  c4  and  CL,  are 
equal  and  the  section  and  total  blowing  momentum  coefficients,  c^  and  Cv,  are  equal. 

Lifting-line  theories  for  Jet-flapped  elliptic  wings  have  been  developed  principally  by  Maskell  and 
Spence^,  Hartunian^  , Kerney  , and  Tokuda^  . In  general,  these  theories  yield  the  result  that  the 
power-on  to  power-off  lift-curve  slope  ratio,  K^,  is  a function  of  the  Spence®  two-dimensional  lift- 
curve  slope  ratio,  k^,  the  three-dimensional  momentum  coefficient,  C^,  and  the  wing  aspect  ratio.  A; 
that  is,  K*  ■ f(k„,  Cy,  A).  The  specific  form  of  the  function  f depends  upon  which  of  the  aforementioned 
theoretical  methods  is  employed.  All  of  the  theoretical  methods,  except  Kerney’s,  yield  lift-curve  slopes 
that  are  almost  idem  leal.  Kerney* s method  yields  slope  values  that  are  approximately  52  higher  than  the 
other  methods. 

On  the  basis  of  favorable  comparison  with  experiment,  Convair  utilizes  Kerney’s  theoretical  results, 
while  Rockwell  employs  the  well-known  results  of  Maskell  and  Spence. 

2.2  Convair  Methodology 

4 

For  the  three  powered-lift  systems,  Convair  develops  methodologies  for  the  wing-lift  curve, 
including  the  maximum  lift  coefficient,  the  induced  drag,  thrust  recovery,  flap  pitching-moment  incre- 
ments, downwash,  and  the  lateral-directional  stability  derivatives. 


Convalt  assumes  that  the  power-on  total  lift  curve  is  given  by 

c‘lw  - <S;/Sw)[(C{a)ZLi7I  sin(a-aZLt7T)  + C^gp  sin(o+  «sp>  ] 

There  are  four  basic  assumptions  associated  with  the  foregoing  equation.  These  are: 


(1) 


1.  The  lift  curve  is  represented  by  a sine  curve. 

2.  The  zero-lift  power-on  Jet-flap  lift-curve  slope  is  essentially  independent  of  the  spanwise 
details  of  the  blowing. 

3.  The  Incremental  lift  coefficient  due  to  blowing  with  flaps  deflected  is  dependent  upon  the 
spanwlse  distribution  of  blowing. 

4.  The  spilled  portion  (subscript  sp  in  Eq.  1)  of  the  jet  momentum,  that  is,  the  portion  not 
captured  by  the  traillng-edge  flap  system,  is  treated  as  a vectored  thrust  term. 

The  second  assumption  suggests  that  for  internally-  and  externally-blown  flaps,  the  zero-lift  power- 
on  jet-flap  lift-curve  slope  can  be  predicted  by  means  of  blown  elliptic-wing  theory.  This  leads  to 


(cLa)ZL,Tt  - (c[a)zL,0 


(2) 


where  the  power-off  lift-curve  slope  is  predicted  by  the  best  available  methodology  taking  into  account 
wing  geometry  and  viscous  effects. 

The  incremental  lift  coefficient  referred  to  in  the  third  assumption  determines  the  power-on  angle 
of  zero  lift  in  Eq.  1.  For  the  purpose  of  estimating  this  increment,  Convair  generated  a series  of 
partial-span  lift  factors  for  internally-blown  flapped  wings  using  the  Das10  jet-flapped  wing  lifting- 
surface  theory.  These  factors  were  found  to  correspond  so  closely  to  those  for  mechanical  flaps^®»^® 
that  is  was  considered  adequate  to  use  the  mechanical  flap  factors  for  both  purposes. 

The  lift-curve  slope  ratio,  K*,  in  Eq  (2)  is  to  be  taken  from  jet-flapped  elliptic-wing  theory 
(Kerney's1-*  in  this  case)  and  involves  the  section  blowing-momentum  coefficient  Cy,  which  is  the  same  as 
the  total  coefficient,  Cu,  for  the  blown  elliptic  wing.  In  applying  blown  elliptic-wing  theory  to  the 
prediction  of  the  lift-curve  slope  for  actual  systems,  consideration  must  be  given  to  the  determination 
of  the  pron=r  blowing  momentum  coefficient  to  be  used  in  the  theoretical  relations.  For  this  purpose, 
it  is  convenient  to  define  a circulation-effective  blowing  momentum  coefficient  and  an  apparent  blowing 
momentum  coefficient.  The  circulation-effective  blowing  momentum  coefficient,  Cy  , is  the  momentum 
coefficient  based  on  that  fraction  of  the  jet  momentum  flux  that  increases  the  wing  circulation  by  means 
of  a Jet-flap  effect,  that  is,  by  means  of  a relatively  strong  trailing  jet  sheet.  This  definition  is  a con- 
venient artifice  for  delineating  a momentum  coefficient  that  may  be  used  in  the  theoretical  blown  elliptic 
wing  relations.  It  should  not  be  construed  from  this  terminology  that  the  remaining  fraction  of  the  jet 
does  not  Induce  circulation  on  the  wing  by  means  of  such  effects  as  entrainment,  blockage,  and  vorticity. 

A vectored  Jet  near  a wing,  but  not  impinging  upon  it,  for  example,  induces  wing  circulation  by  the 
aforementioned  means.  The  apparent  blowing  momentum  coefficient  is  the  momentum  coefficient  at  the 
nozzle  exit  of  the  blowing  device:  for  an  internally-blown  flap,  the  slot  exit;  for  an  externally-blown 

flap,  the  engine-exhaust  plane.  For  a jet-augmented  flap,  the  circulation  effective  momentum  coefficient  is 
of  a smaller  magnitude  than  the  apparent  momentum  coefficient  due  to  surface  friction  (scrubbing)  losses 
experienced  by  the  blown  stream  in  flowing  from  the  exit  slot  downstream  along  the  flap  surface  to  ..he  trail- 
ing egge.  For  an  externally-blown  flap,  there  is  also  a scrubbing  loss.  In  addition,  only  that  portion 
of  the  Jet 
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exhaust  intercepted  (captured)  by  the  flap  (see  Fig.  2)  contributes  to  the  circulation  effective  momentum 
coefficient.  The  spilled  portion  of  the  engine  jet  exhaust  contributes  a jet  reaction  force  primarily 
and  an  Interference  force  secondarily.  One  of  the  deficiencies  of  the  Convalr  method  Is  that  it  does  not 
account  for  the  interference  force  of  the  spilled  fraction  of  the  jet  which  becomes  the  vectored  jet  in  a 
MF/VT  system. 

Finally,  considera'.ion  must  be  given  to  the  trailing-edge  jet-deflection  angle.  For  a jet-aug- 
mentedflap,  it  reasonably  may  be  assumed  that  the  jut  stream  leaves  the  trailing  edge  tangent  to  the 
affected  surface.  For  an  externally-blown  flap,  it  may  be  assumed  also  that  the  captured  portion  of  the 
jet  exhaust  stream  leaves  the  trailing  edge  parallel  to  the  affected  surface.  The  determination  of  the 
flow  direction  for  the  spilled  portion  is  somewhat  more  difficult;  as  an  approximation,  Convalr  assumes 
a flow  direction  parallel  to  the  engine  exit-nozzle  axis. 

It  is  of  Interest  to  note  at  this  point  that  Rockwell  handles  the  effective  momentum  coefficient  and 
trailing-edge  jet-deflection  angle  in  a different  manner.  The  Rockwell  method  will  be  discussed  subse- 
quently. 

Estimation  of  the  three-dimensional  circulation-effective  blowing-momentum  coefficient,  , and  the 
spilled  momentum  coefficient,  CJ,  , is  made  on  the  basis  of  a highly  simplified  flow  concept  involving 
the  geometric  considerations  illustrated  in  Fig.  2.  The  respective  momentum  coefficients  are  given  by 


r’ 
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(3),  (4) 


where  the  areas  are  defined  in  the  figure.  The  area  ratio  (Ac/Aj)  is  unity  for  internally-blown  flaps, 
zero  for  mechanical- flap  vectored-thrust  systems,  and  ranges  from  zero  to  unity  for  externally-blown 
flaps.  The  parameter,  Cy„„,  is  the  momentum  coefficient  at  the  extended  trailing-edge  location  shown  ir. 
Figure  2 and  Includes  scrubbing  losses  for  which  Convalr  gives  a methodology.  For  Internally-  and 
externally-blown  systems,  the  section  circulation-effective  momentum  coefficient,  cj  , employed  depends 
upon  the  property  being  calculated  in  accordance  with  assumptions  (2)  and  (3)  from  Eq  (1).  For  the  cal- 
culation of  the  lift-curve  slope,  cj,c  is  taken  equal  to  cf^,  where  Cp^  * Cpc  for  both  blowing  systems. 

For  the  calculation  of  the  partial-span  effects,  the  section  circulation-effective  momentum  coefficients 
are  given  by 


=JC  ‘ (sw/sj>cic  (IBF)l  " ^pn  «VN)  (EBF)  (5),  (6) 

where  N is  the  total  number  of  engines,  each  assumed  to  ba  producing  the  same  thrust,  n is  the  n1*1  engine, 
and  Sj  is  defined  in  Fig.  2. 

For  a finite-span  wing,  Convalr  has  developed  a theoretical  relation  for  the  maximum  lift  coefficient 
increment  due  to  blown  trailing-edge  flaps.  The  relation  derived  is  based  on  the  assumption  that  the 
blown  and  unblown  wings  are  geometrically  and  aerodynamically  elliptic  )u  the  sense  described  earlier. 

It  is  also  assumed  that  stall  occurs  on  the  upper  surface  near  the  leading  edge  or  at  or  behind  the  knee 
of  a leading-edge  device  when  present  and  at  a value  of  a stall  parameter,  (CpX1'2).,  that  is  Independent 
of  the  application  of  power.  In  the  stall  parameter,  Cp  is  the  pressure  coefficient,  x the  distance  from 
the  leading  edge  as  a fraction  of  the  chord,  and  s denotes  the  stalled  state.  A similar  criterion  for 
the  stall  of  two-dimensional  jet-flapped  wings  has  been  previously  employed  by  Foster^  an(j  Moorhouse-^,18. 
In  the  calculation  of  the  stall  parameter,  Foster,  Moorhouse,  and  Convalr  all  employ  Spence's^  relation 
for  the  pressure  distribution  on  a Jet-augmented  flapped  wing  section.  The  Convalr  analysis,  however, 
accounts  for  the  finite  wing  by  replacing  a by  the  wing-section  angle  of  attack  (o-aj). 

On  the  aforementioned  bases,  Convair  obtains  the  following  relation  for  the  maximum  lift  coefficient 
increment 


Ml 
11  Lmax 


(3/4)  (Vfc)^,  + (3/4)  (20  W, 


(7) 


where  a geometric  interpretation  of  the  terms  in  the  equation  appears  in  Fig.  3.  For  very  high  aspect 
ratio  wings,  the  second  term  in  Eq.  (7)  vanishes  and  Eq.  (7)  reduces  to  the  following  result  having  the 
same  form  as  obtained  by  Moorhouse^® 


A„c 


(3/4)  (A„cj)  j 


(8) 


where  the  tilde  denotes  the  two-dimensional  angle  of  attack  and  the  subscript  s denotes  the  stalled 
state.  A geometric  interpretation  of  the  terms  in  Eq.  (8)  appears  in  Fig.  3.  Equation  (7)  is  the  basic 
relation  used  in  deriving  the  maximum  lift  coefficient  relation.  However,  since  the  power-on  stall  angle 
is  unknown  and  the  lift  methodology  of  Eq  (1)  is  nonlinear,  Eq  (7)  needs  further  manipulation  and  inter- 
pretation to  predict  the  maximum  lift.  Equation  (7)  has  been  displayed  in  lieu  of  the  more  complicated 
maximum  lift  relation  because  of  its  simpler  geometric  interpretation  on  the  lift-curve  plots  (Fig.  3). 


It  is  very  important  to  note  that  the  lift  increments  in  Eqs.  (7)  and  (8)  are  to  be  added  to  a 
hypothetical  power-off  wing  for  which  the  flow  is  assumed  to  always  remain  attached  on  the  flap  segments, 
a condition  denoted  by  the  asterisks  on  Fig.  3.  This  situation  is  designated  by  Convair*  as  full 
boundary- layer  control  (BLC),  meaning  for  the  trailing-edge  flaps,  or  as  the  "BLC  effect."  Separation 
on  this  hypothetical  wing  therefore  must  occur  near  the  leading  edge  which  is  in  accordance  with  the 
assumption  of  the  theoretical  analysis.  Trailing-edge  blowing  does,  of  course,  promote  flow  attachment 
on  the  flap  segments,  as  assumed.  Convair  has  developed  a method  for  determining  the  lift  curve, 
including  the  maximum  lift,  for  the  hypothetical  power-off  wing  with  full  boundary-layer  control.  This 
methodology  involves  the  determination  of  the  Incremental  maximum  lift  coefficient  due  to  flap  deflection, 
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established  on  the  basis  of  the  stall  parameter  analysis  previously  described.  In  the  analysis,  the 
theoretical  flap  effectiveness  (corresponding  to  no  separated  flow  over  the  flap  elements)  Is  employed 
in  conjunction  with  the  experimental  maximum  lift  eo efficient  for  sn  ui. flapped  wing  section.  Ultl’*et*'ly , 
then,  the  experimental  basis  for  the  Convair  power-on  maximum  lift  methodology  is  the  power-off  stall  of 
the  unflapped  wing.  This  differs  from  Moorhouse's^^>^^  analysis  which  Is  referenced  to  the  flapped  wing 
power-off  stall. 

Tlis  rltfllEl-MaSvr)  factor  Sid  (ii  llkilra'-Jfcig  tasfflr Lsml  are  tec  (k.«u r-ef  f urted 
required  for  the  prediction  of  the  drag  coefficient.  Convair's  methodology  for  the  thrust-recovery 
factor  is  principally  empirical  and  will  not  be  discussed.  The  induced-drag  coefficient  is  given  by 
c£/nAet,  where  is  a power-on  aerodynamic  efficiency  factor.  The  aerodynamic  efficiency  factor  is 
determined  from  considerations  of  conservation  of  global  momentum  and  assumptions  regarding  the  affected 
mass  flows  and  their  vectored  change  in  direction.  For  the  wing,  the  affected  mass  flow  is  that 
enclosed  by  a circle  with  a diameter  equal  to  the  wing  span;  for  the  jet  exhaust,  the  affected  mass 
flows  are  the  captured  and  spilled  flows.  Conservation  of  momentum  and  the  definition  of  induced  drag 
yields 

CL  - (*A/2)e„  + Cu  Jj  , CDl  - (ttA/4)E2  + (Cp/2)  (9),  (10) 

where  eb  Is  the  downwash  angle  at  Infinity  and  6j  is  an  effective  jet-turning  angle  given  by 

Ij  - (A£/ Aj ) + (Agp/Aj)  (dT+c)  (11) 

where  '.f  la  tlie  inclination  of  the  engine  jet  exhaust  axle  relative  to  the  wing  reference  line-,  for 
IBF  systems,  Eqs  (9)  and  (10)  reduce  to  the  well-known  relations  given  by  Maskell  and  Spence^.  The 
downwash  angle  t is  given  by  the  Maskell  and  Spence  relation,  corrected  for  the  power-off  efficiency 
factor  e0,  and  using  lift  and  momentum  coefficients  given  respectively  by  - Cl  - cLap  an<* 

Sufficient  relations  are  now  available  to  determine  the  power-on  efficiency  factor  en  which  is  given  in 
Ref.  4.  Sample  comparisons  of  theoretically  predicted  lift  curves  and  power-on  aerodynamic  efficiency- 
factors  are  shown  in  Figs.  4 and  5 respectively.  The  agreement  between  analysis  and  experiment  shown 
for  the  lift  curves  should  not  be  considered  as  typical.  Reference  4 presents  a large  number  of  compari- 
sons for  all  three  high-lift  systems  and  for  a variety  of  parametric  combinations  of  wing  sweepback, 
aspect  ratio,  and  flap  systems.  Some  of  these  yield  better  agreement  than  shown  in  Fig.  4,  others  worse. 

From  an  examlration  of  all  the  comparisons  given  in  Ref.  4,  the  following  may  be  concluded.  For  all 
thw  ligb-J,  it  t y -tirTis.,  the  ft ie  yd  i-Mit^d  'i-a*  pt  lift,  4ep*r,a  llj  .«  t uJmutuiy ly  well 

for  values  of  Cp  below  2.0.  For  values  of  C^  between  2.0  and  4.0,  the  agreement  is  somewhat  random.  For 
tne  IBF  and  EBF  systems,  the  predicted  lift  curves,  C^fa),  agree  reasonably  well  with  experiment.  For 
MF/VT  systems,  the  lift  curve  agreement  is  poorer,  with  the  characteristic  that  the  predicted  slopes  are 
less  than  the  experimental  ones.  This  may  be  due  to  neglect  of  the  interference  effect  of  the  spilled 
fraction  of  the  jet  exhaust  in  the  methodology. 

For  IBF  systems,  Convair  determines  the  Incremental  pitching-moment  coefficient  due  to  power  .or 
blown  multiple-element  flaps  through  the  use  of  Spence's  derivatives  for  jet-augmented  flaps,  but  abandons 
the  usual  linear  superposition  principle  for  a very  unusual  psuedo-superposition  scheme.  The  two- 
dimensional  values  are  then  modified  for  three  dimensions  by  factors  involving  the  flap-span  ratio,  ratio 
of  the  flap-affected  area  to  total  wing  area,  and  the  squared  cosine  of  the  sweep-back  angle.  The 
rationale  for  the  methodology  Is  not  entirely  clear,  but  in  a large  number  of  comparisons  with  experi- 
mental data  from  Ref.  19,  the  average  of  the  absolute  percentage  error  was  found  to  be  3X. 

For  the  pitching-moment  methodology  for  EBF  systems,  a heuristic  model  Is  employed  in  which  the 
flap  elements  are  replaced  by  downward  facing  semi-circular  cylindrical  scoops.  The  lift  on  the  scoops 
is  estimated  by  means  of  an  analogy  to  ring  airfoils.  The  scoop  list  is  then  used  to  estimate  the 
pitching  moment  due  to  the  flaps.  In  a large  number  of  comparisons  with  experimental  data  from  Ref.  19, 
the  average  of  the  absolute  percentage  error  was  found  to  be  11X. 

The  Convair  downwash  methodology  assumes  that  the  distances  involved  are  reasonably  far  downstream 
from  the  wing,  say,  of  the  order  of  the  horizontal  tail  location.  The  method  determines  a basic  downwash 
angle  to  which  empirically  determined  increments  in  downwash  are  added.  The  empirical  increments  account 
for  the  effects  of  sweepback,  aspect  ratio,  and  type  of  high  lift  system  employed.  The  basic  downwash 
distribution  is  determined  by  assuming  that  the  longitudinal  distribution  Is  equivalent  to  that  along 
the  longitudinal  axis  of  a single  horseohoe  vortex  having  a span  equal  to  the  span  of  a pair  of  rolled-up 
vortices,  and  the  vertical  distribution  corresponds  to  that  along  the  vertical  axis  in  the  Trefftz  plane 
of  an  elliptically- loaded  lifting  line  with  the  Trefftz  plane  origin  translated  vertically  to  the 
empirically  determined  location  of  the  wing  wake. 

The  Incremental  lateral-directional-stability  derivatives  due  to  power  are  handled  by  a method 
analogous  to  Ref.  2. 

2.3  Rockwell  International  Methodology 

Rockwell's’’  studies  are  devoted  exclusively  to  the  externally-blown  flap  system.  Rockwell  develops 
methods  for  the  lift  curve,  Including  the  maximum  lift  coefficient,  the  induced  drag,  thrust  recovery, 
downwash,  asymmetric  engine  operation,  and  the  static  longitudinal  and  lateral-directional-stability 
derivatives. 

Rockwell  employs  the  Maskell  and  Spence**  aspect-ratio  correction  factor,  F,  where  CL  “ c^  F(A,  Cy), 
and  the  specific  form  of  the  function  F Is  given  by  Maskell  and  Spence.  In  determining  a^momenJum 
coefficient  and  jet-deflection  angle  for  use  In  the  blown-elliptic  wing  relations,  Rockwell  does  not 
divide  the  exhaust  jet  into  distinct  captured  and  spilled  regions,  as  done  by  Convair,  but  instead 
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employs  an  overall  effective  Jet-deflection  angle  and  overall  effective  momentum  coefficient,  both  of 
which  are  determined  empirically.  The  effective  momentum  coefficient  is  given  by  nC  , where  n is  a 
turning-efficiency  factor  accounting  for_the  jet-turning  losses.  Both  the  turning-efficiency  factor,  n, 
and  the  effective  jet-deflection  angle,  t,  are  determined  from  static  tests  and  assumed  to  be  applicable 
at  forward  speed.  From  correlations  with  the  Rockwell  wind-tunnel  tests,  the  jet-turning  efficiency  was 
found  to  be  a linear  function  of  the  Jet-turning  angle,  with  the  slope  determined  by  the  type  of  flap 
system  and  the  wing  sweepback  angle.  Rockwell  uses  the  captured-Jet  fruition  concept  to  establish  a 
correlation  for  the  effective  jet-deflection  angle  and  finds  that  two  generalized  curves  of  the  turning- 
angle  ratio,  t/Stf,  as  a function  of  the  impingement  parameter,  Zf/Rf,  (see  Fig.  2)  adequately  establish 
the  Jet-deflection  angles  for  the  double  and  triple-slotted  flap  systems  tested  by  Rockwell.  In  the 
turning-angle  ratio,  is  the  deflection  angle  of  the  traillng-edge  flap  segment.  In  estimating  Rf, 
Rockwell  assumes  a 12.5  degree  expansion  angle  Instead  of  the  6 degree  angle  shown  in  Fig.  2.  Curves  of 
the  turning-angle  ratio  are  presented  by  Osborn  and  Oates^-  (see  their  Fig.  12). 

In  the  Rockwell  methodology,  the  incremental  lift  coefficient  due  to  power  for  an  externally-blown 
flap  system  is  given  by 


dwCL  “ (l+t/c)F(A.nc")  [X(3cj/3Jf)sini  + u(3cj/3a)o] 


(12) 


where  F(A,nc")  is  the  Maskell  and  Spence  aspect  ratio  correction,  t/c  is  the  thickness  ratio  of  the  mean 
aerodynamic  chord  of  the  flapped  portion  of  the  wing,  the  partial  derivatives  are  from  Spence's^  two- 
dimensional  jet-augmented  flap  theory,  and  X and  v are  partial-span  correction  factors  employed  by 
Williams,  Butler,  and  Wood^O.  The  momentum  coefficient,  cl],  is  given  by  c]J  » (SV,/S")C(J,  where  S"  1b 
defined  in  Fig.  6.  The  partial-span  factors  are  given  by  X ■ S"/Su  and  v - (S"/Sw,  ncj]) , and  the  partial 

derivatives  are  functions  of  the  momentum  coefficient,  nc”.  Equation  (12)  directly  accounts  for  the 
aspect  ratio  and  partial-span  effects,  but  only  indirectly  accounts  for  sweepback  effects  through  the 
jet-turning  efficiency,  n. 


Correlations  of  the  incremental  lift  coefficient  due  to  power  at  zero  angle  of  attack  (A^Cl)^^  and 
the  power-on  finite-wing  lift-curve  Blope  (SCl/SoO^  appear  in  Figs.  7 and  8 respectively.  These  quanti- 
ties are  given  respectively  by  the  first  and  second  terms  on  the  right-hand  side  of  Eq.  (12).  Most  of  the 
test  points  shown  are  for  an  aspect  ratio  of  7,  a quarter-chord  sweep  angle  of  24  degrees,  and  full-span 
leading  and  traillng-edge  flaps.  There  are  several  test  points  for  zero  sweepback  and  a number  of  points 
for  moderate  deviations  from  the  aforementioned  values  of  aspect  ratio,  sweep,  and  flap  span. 


Rockwell  develops  a methodology  for  the  incremental  maximum  lift  coefficient  due  to  power  based  on 
a three-dimensional  modification  to  the  two-dimensional  relation  given  by  Eq.  (8).  The  rationale  for  the 
method  is  not  entirely  clear.  In  any  case,  Rockwell  presents  a simpler  alternate  relation  which  is  com- 
pletely empirical  and  compares  more  favorably  with  experiment. 


Rockwell  develops  a methodology  for  the  wing  incremental  pitching  moment  due  to  power  on  the  following 
basis.  The  jet-reaction  vector  is  assumed  to  pass  through  the  trailing  edge  of  the  flap  and  to  be  located 
spanwise  at  the  average  location  of  the  engines.  The  spanwise  location  of  the  circulation  lift  is  assumed 
to  be  located  at  the  power-off  mean  aerodynamic  chord.  The  power-on  chordwlse  center-of-pressure  loca- 
tions due  to  circulation  lift  at  zero  angle  of  attack  and  circulation  lift  at  angle  of  attack  are  assumed 
to  be  equal  to  the  power-off  values.  Since  the  two-dimensional  power-on  center-of-pressure  locations  are 
easily  calculated  theoretically,  it  is  not  clear  why  this  capability  was  not  included  in  the  methodology. 

A comparison  of  the  calculated  incremental  pitching  moment  with  experiment  is  shown  in  Fig.  9. 

Rockwell's  test  data  for  the  power-on  induced  drag  coefficient  failed  to  agree  with  the  induced  drag 
coefficient  calculated  by  the  Maskell  and  Spence1^  relation.  Rather  good  agreement  was  obtained,  however, 
by  using  the  power-off  Induced  drag  relation  based  on  the  power-on  circulation  lift. 

2.4  Boeing  Methodology 


In  the  STOL  Tactical  Aircraft  Investigation,  Boeing  was  responsible  for  aerodynamic  prediction 
methods  for  high-lift  systems  employing  mechanical  flaps  in  combination  with  vectored  thrust.  Since 
Boeing's  methods  for  the  power-induced  interference  are  completely  empirical,  they  are  not  discussed. 

It  is  worth  noting,  however,  that  on  the  basis  of  the  studies  made,  Boeing  found  that  the  equivalent  Jet- 
velocity  ratio  (q<</qjet)^'  2,  which  is  proportional  to  provided  a useful  similarity  parameter  for 

the  power-induced  incremental  lift,  moment,  and  drag  coefficients.  For  the  range  of  jet-thrust  coeffici- 
ents investigated  (0  <_  Cj  < 2.0),  it  was  found  that  the  aforementioned  aerodynamic  coefficients  were 
directly  proportional  to  This  property  served  to  reduce  the  number  of  parametric  design  curves 

required. 

The  Boeing  methodology  is  incorporated  in  a digital-computer  program  written  in  Fortran  IV  language 
for  use  on  CDC  6000/7000  series  computers.  A users'  manual  and  program  listing  is  given  in  Ref.  6. 

Although  there  was  no  Air  Force  requirement  for  Boeing  to  develop  IBF  analytical  prediction  methods, 
Davenport^  nevertheless  conducted  a Jet-flapped  wing  lifting-line  analysis  which  is  concerned  principally 
with  the  Influence  of  non-planar  trailing  vortices  on  the  wing  aerodynamics.  In  the  Davenport  analytic 
model,  the  wing  is  represented  by  a finite  number  of  horseshoe  vortices  distributed  spanwise  and  originating 
from  local  quarter  chord  positions.  For  each  horseshoe  vortex,  the  trailing  vortex  system  is  divided 
into  two  inclined  longitudinal  segments  as  shown  In  Fig.  10.  On  the  basis  of  this  model,  Davenport 
develops  a computer  program  for  calculating  the  wing  aerodynamic  characteristics.  In  limited  comparisons 
with  other  experiments  and  other  theories,  Davenport's  method  appears  to  predict  the  drag  polar,  C[)(Cl), 
better  than  other  methods  at  high  momentum  coefficients  and  jet  angles.  The  method  does  not,  however, 
predict  the  pitching-momentum  coefficient  as  well  as  does  the  Lopez-Shen^l  method. 


3.  THE  DOUGLAS  AIRCRAFT  COMPANY  PROGRAM 


Douglas  was  responsible  for  developing  new  methodologies  and  adapting  or  modifying  existing  methodo- 
logies to  the  prediction  of  the  aerodynamic  characteristics  for  each  of  the  three  hlgh-lift  systems 
employing  Internally-blown  flaps,  externally-blown  flaps,  and  mechanical  flaps  combined  with  thrust 
vectoring.  These  methodologies  were  to  be  Incorporated  Into  a comprehensive  digital  computer  program. 
Sophisticated  analytical  techniques  were  to  be  employed  as  opposed  to  essentially  handbook-type  methods. 

The  nucleus  of  the  Douglas  methods  for  internally-blown  and  externally-blown  flap  systems  is  a 
linearized  theoretical  lifting-surface  type  let-flapped  wing  analysis  which  Douglas  Identifies  as  the 
elementary  Vortex  Distribution  (EVD)  method‘*>-2,  rnis  method  is  implemented  by  means  or  a relatively 
large  size  digital  computer  program.  For  wings  of  zero  thickness,  the  method  Is  capable  of  handling 
arbitrary  wing  planforms  with  arbitrary  snanwise  distribution  of  twist,  flap  chord,  jet-blowing  momentum 
and  jet-deflection  angle.  Within  the  framework  of  a linearized  model,  the  EVD  method  represents  one  of 
the  most  general  and  most  exact  solutions  available  for  jet-flapped  finite-span  wings.  As  such,  the 
method  not  only  serves  as  a useful  analysis  and  design  tool,  but  provides  also  a convenient  basis  of 
comparison  for  other  approximate  methods  of  analysis. 

Initial  development  of  the  EVD  method  was  sponsored  by  the  nouglas  Aircraft  Company  and  the  U.  S. 

Office  of  Naval  Research.  The  Air  Force  sponsored  improvements  to  the  original  digital  computer  program 
and  extensions  of  the  methodology  to  the  determination  of  rotary  derivatives,  flow-field  details,  wing- 
body  aerodynamics,  horizontal  tail  aerodynamics,  and  ground  effects23»24,25t 

Conceptually,  the  EVD  method  is  directly  applicable  to  IBF  systems.  In  application,  however,  small 
empirical  corrections  are  applied  to  account  for  such  items  as  airfoil  thickness  and  boundary-layer  dis- 
placement effects  on  the  lift-curve  slope,  flap  effectiveness,  and  other  factors. 

The  EVD  method  is,  of  course,  not  directly  applicable  to  externally-blown  flap  systems  and  an  analogy 
is  developed  for  this  application. 

For  vectored-Lhiust  Interference  effects  on  ftt/VT  systems,  Douglas  employs,  with  some  minor  modifi- 
cations, the  Northrop^  methodology,  which  is  to  be  described  subsequently. 

The  mathematical  modeling  for  the  Douglas  jet-flapped  wing  methodology  is  illustrated  in  Fig.  11, 
where  it  is  seen  that  the  vorticity  y(x,y)  over  the  wing  and  jet  sheet  is  represented  by  elementary 
horseshoe  vortices  te.g.,  abed;  distributed  over  these  regions,  lhe  governing  equation  is  the  classical 
linearized  lifting-surface  downwash  integral  equation  for  distributed  elementary  horseshoe  vortices, 
subject  to  the  boundary  conditions  on  the  wing  and  jet  sheet  ar.d  appropriate  enforcement  of  the  Kutta 
em."J.rlon  If  e vtsiuU  approach  !h  ! ilalng  lUuni-taifKa  bawndwy  vilue  prtHw!*  la  to  etnplcy  # rif-lte 
element  method  in  which  the  total  vortex  sheet  is  replaced  by  a large  but  finite  number  of  small  rectangu- 
lar elements  over  which  the  bound  vorticity  distribution  may  be  taken  as  discrete  and  of  unknown  magnitude 
or  as  distributed  with  the  distribution  characterized  by  a single  unknown  parameter  indicative  of  the 
gtuso  vortex  strength;  and  the  boundary  conditions  ale  satisfied  at  dlsctete  points  on  each  element 
Instead  of  continuously.  In  this  formulation,  the  integral  equation  and  boundary  conditions  are  converted 
into  a set  of  simultaneous  linear  algebraic  equations  for  the  unknown  vortex  strengths.  For  unblown  wings, 
a M-atieey  1 f lr.4  toad  latent  scheme,  'a**  bee,  emplwy&i.  In  the  t*~  i Hi- let  method  tef  eadrcple,  the 
bound  vorticity  distribution  is  represented  by  a discrete  vortex.  Another  approach  Is  to  represent  the 
bound  vorticity  by  a stepwise  distribution  wherein  the  vorticity  is  constant  over  each  element.  Both  of 
these  schemes  possess  the  disadvantage  that  the  vortex- induced  downwash  is  singular  in  certain  regions, 
thereby  requiring  careful  selection  of  the  control  point  location  for  satisfying  the  boundary  condition. 

If,  however,  the  bound  vorticity  distribution  is  taken  to  consist  of  piecewise  distributions  of  linear 
and  appropriate  special  continuous  forms  as  shown  in  Fig.  11c,  the  induced  downwash  is  everywhere  finite 
and  closely  satisfies  the  boundaiy  condition  at  all  points  on  the  vortex  surfaces  rather  than  at  a dis- 
crete number  of  points  only.  Additionally,  in  this  scheme,  the  control  point  does  not  have  to  be  care- 
fully selected  in  some  particular  way.  Because  of  these  important  properties,  the  piecewise  distributed 
vorticity  scheme  has  been  applied  by  Douglas  to  the  three-dimensional  jet-flapped  wing  problem. 

In  the  Douglas  methodology,  the  piecewise  vorticity  distribution  is  taken  to  be  the  sum  of  the  over- 
lapping special  elementary  vortex  distributions  (EVDs)  shown  in  Figs,  lid,  e,  and  f.  These  special  EVDs 
are:  (1)  a triangular  distribution  identified  as  a regular  EVD;  (2)  a leading-edge  EVD  which  is  the 

classical  leading-edge  inverse  square-root  vorticity  variation  minus  a linear  variation;  (3)  a distribu- 
tion for  a discontinuity  in  slope,  i.e.,  a hinge  EVD,  which  is  a logarithmic  vorticity  variation  minus  a 
linear  variation;  and  (4)  an  asymptotic  E«D  which  properly  accounts  for  the  decay  In  vorticity  along  the 
jet  sheet  far  downstream  and  additionally  satisfies  the  Kutta  condition  at  infinity. 

A the  lift  anS  lead  41i.tr Ibtui.rit,  ;altui".te4  ty  the  EVD  n^the!  with 

those  obtained  by  the  theoretical  methods  of  Maskell  and  Spence^-  and  Das^®  for  jet-flapped  wings  and 
with  some  experimental  results  of  Das  for  Jet-flapped  wings  are  made  in  Refs.  22  and  23.  These  compari- 
sons generally  are  inconclusive  regarding  the  accuracy  of  the  EVD  method  for  jet-flapped  wings  since 
neither  of  the  theoretical  methods  to  which  the  comparisons  ate  being  made  is  exact  and  the  experimental 
results  are  of  uncertain  accuracy. 

With  the  EVD  Jet-flapped  wing  method  as  a nucleus,  Douglas  developed  a comprehensive  computer  program 
identified  by  the  code  name  STAMP  for  STOL  Transport  Aerodynamic  Methods  Program.  The  STAMP  program  is 

kvt  '-nded-  tv  JT-d  ic  thr  ptellmihAfy  Ic-tlg--.  atwJ  sjw-lyals  tl  Sim  tta  jm.  s+wra-k  smpit ylriig  ally- 

blown  jet  flaps,  externally-blown  Jet  flaps,  and  mechanical  flap  systems  combined  with  vectored  thrust. 

It  is  written  in  the  Fortran  IV  language  and  can  be  readily  adapted  for  use  on  many  large  computer  systems. 
Versions  are  currently  in  operation  on  the  CDC  6000  series  and  the  IBM  370  series  computers. 

The  STAMP  computer  program  package  is  a collection  of  computer  programs,  each  of  which  is  designed  to 

analyze  a particular  aircraft  component,  plus  interference  methods  to  account  for  the  influence  of  one 
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component  on  another.  Although  intended  for  the  analysis  of  complete  aircraft  configurations,  the  pro- 
gram has  been  structured  so  that  components  can  be  analyzed  separately  or  in  any  desired  combination. 
Within  the  limitations  of  each  theoretical  method,  the  program  calculates  aerodynamic  and  stability  and 
control  data  for  arbitrary  jet  wings  (internally  hlown  and  externally  blown),  for  vectored  jets,  and  for 
arbitrary  fuselage  and  empennage  arrangements.  These  data  can  be  calculated  both  in  free  air  and  In 
proximity  to  the  ground. 

The  bases  for  some  of  the  methods  incorporated  in  the  STAi'lP  computer  program  will  now  be  described. 


The  methodology  for  ground  effects  is  a linear  one  employing  an  image  wing  to  achieve  the  ground- 
plane  simulation.  Caution  is  required  in  applying  the  ground-effects  solution  at  small  wing  heights 
since  ground  impingement  of  the  Jet  and/or  other  nonlinear  flow  phenomena  which  invalidate  the  small 
perturbation  assumption  of  linear  theory  may  be  present.  Some  guidelines  regarding  the  limitations  of 
the  ground  effects  method  may  be  gained  from  the  comparisons  between  theory  and  experiment  shown  in 
Fig.  12.  The  experimental  data  shown  is  from  wind  tunnel  tests^S  on  a semispan  rectangular  wing  model 
with  full  span  jet-augmented  flaps  deflected  to  SS  degrees.  It  is  seen  here  that  the  discrepancy  between 
theory  and  experiment  is  a function  of  the  relative  ground  height  and  the  momentum  coefficient;  as  the 
momentum  coefficient  is  lowered,  the  ground  height  at  which  reasonable  agreement  is  obtained  is  lowered, 
with  the  reverse  effect  occurring  as  the  momentum  coefficient  is  increased. 

The  methodology  for  predicting  jet-flapped  wing  yawing  and  rolling  moments  due  to  sideslip  employs 
the  vortex  system  associated  with  the  asymmetric  arrangement  shown  in  Fig.  13.  The  yawing  moment  is  made 
up  of  contributions  from  asymmetric  distributions  of  the  chordwise  loading,  leading-edge  suction,  and  the 
horizontal  component  of  the  jet  reaction.  Without  dihedral,  the  wing  rolling  moment  is  due  to  the  flow 
asymmetry  illustrated.  A cos  8 correction  is  also  applied  to  obtain  the  effective  blowing-momentum 
coefficient.  The  effect  of  dihedral  is  accounted  for  by  an  equivalent  wing  twist  and  an  appropriate 
correction  to  the  jet-deflection  angle.  No  comparisons  with  experiment  have  been  made  for  these  lateral- 
directional  derivatives. 


The  method  for  estimating  the  rotary  derivatives  of  jet-flapped  wings  is  based  on  the  assumptions 
of  quasi-steady  motion  for  the  wing  and  the  jet-deflection  angle  at  the  wing  trailing  edge  and  neglect 
of  the  jet-sheet  rotary  motion  aft  of  the  trailing  edge.  Although  this  latter  assumption  is  subject  to 
question,  its  validity  cannot  be  presently  resolved  since  there  is  no  appropriate  jet-flap  experimental 
data  with  which  to  compare. 

In  the  Douglas  flow-field  method,  for  the  jet-flapped  wing  under  consideration,  the  vorticity  distri- 
butions on  the  wing  and  jet  sheet  and  the  jet-sheet  shape  are  first  determined  by  the  EVD  method.  For  the 
purpose  of  determining  the  flow  field,  the  elementary  vortex  distributions  are  replaced  by  discrete  horse- 
shoe vortices,  with  the  jet-sheet  vortices  located  on  the  displaced  sheet  as  calculated  by  the  EVD  method. 
In  order  to  account  for  the  trailing  vortices  behind  the  unblown  portions  of  the  wing  a highly  simplified 
scheme  is  adopted.  In  this  scheme  the  trailing  vortex  sheet  at  each  spanwlse  segment  is  assumed  to  be 
planar  and  to  extend  to  infinity  downstream  inclined  at  an  angle  midway  between  the  freestream  direction 
and  a tangent  to  the  camber  line  at  the  trailing  edge.  Although  there  is  no  theoretical  basis  for  this 
scheme,  comparisons  of  the  simplified  wake  shape  calculated  by  this  method  to  those  predicted  by  more 
exact  roll-up  methods  verify  that  the  approximation  is  reasonable.  It  Is  apparent  that  the  foregoing 
analytical  model  should  not  be  applied  to  points  closer  to  the  wing  or  Jet-sheet  than  about  one  local 
element  length. 


Comparisons  of  the  downwash  angle  as  calculated  by  theory  with  the  experiments*0  conducted  on  the 
same  wing  model  as  employed  in  Fig.  12  are  shown  in  Fig.  14.  It  is  seen  in  the  figure  that  generally  good 
agreement  is  obtained  except  in  those  regions  near  the  jet  sheet.  Additional  comparisons  also  show  com- 
parable agreement. 

Douglas  develops  methods  for  determining  the  aerodynamics  of  the  horizontal  tall  and  the  fuselage  in 
the  Jet-wing  flow  field,  neglecting  Interference  of  the  tail  and  body  upon  the  wing  and  jet  sheet.  The 
horizontal-tall  Interference  is  treated  by  considering  the  jet-wing  flow  to  be  an  equivalent  induced 
canfcer.  The  fuselage  Interference  is  handled  by  considering  the  fuselage  to  be  a slender  body  in  a non- 
uniform  flow.  The  a iender-body  assumption  greatly  simplifies  the  analysis  and  allows  the  treatment  of 
non-axlsymmetrlc  bodies.  The  analysis  is  limited  to  bodies  without  vortex  shedding  and  therefore  for 
which  there  is  no  lift  but  only  a moment  due  to  the  Jet-wing  interference. 


4.  THE  NORTHROP  AIRCRAFT  DIVISION  PROCRAM 

The  purpose  of  this  program  was  to  develop  engineering  analytic  methods  for  predicting  the  aerodyna- 
mic and  stability  and  control  characteristics  of  high-disk  loaded  V/STOL  aircraft  of  the  lift  jet,  lift 
fan,  and  vectored  thrust  types  in  the  hover  and  transition  flight  regimes.  The  methods  developed  were  to 
be  applicable  to  aircraft  configurations  having  a conventional  wing,  fuselage,  and  enqpnnage.  High  aisles 
of  attack  were  to  be  considered.  In  general,  the  methodology  was  to  represent  a compromise  between 
handbook  methods  and  methods  utilizing  complicated  computer  programs.  The  results  of  the  program  are 
documented  in  Refs.  26  and  27. 

In  the  development  of  the  theoretical  methods  of  this  study,  it  is  assumed  that  the  incremental 
power-  induced  atrodyrainlea  tan  be  dbte-rai..eJ  Independently  of  the  unpenstrsd  aerodynamics  and  the  resulting 
effects  added  together  to  obtain  the  total  aerodynamics.  It  is  assumed  also  that  the  aerodynamics  of  the 
aircraft  components  can  be  treated  individually  and  added  together  to  obtain  total  aircraft  aerodynamics. 


The  basic  flow  problems  that  have  been  solved  for  use  as  building  blocks  in  the  methodology  of  this 
program  are:  (1)  the  flow  field  for  single  and  multiple  jets  exhausting  from  a flat  plate  transversely 
to  a free  stream;  (2)  the  interference  aerodynamics  of  a jet  exhausting  transversely  from  a wing  or  body; 
(3)  forces  and  moments  on  an  air  intake  transverse  to  the  free  stream;  (4)  nonlinear  wing  and  body  aero- 
dynamics for  high  angle  of  attack. 
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Since  Che  aerodynamics  of  transverse  jets  is  an  important  element  of  the  problem,  a significant 
portion  of  the  investigation  is  concerned  with  this  flow  case. 

The  final  prediction  methods  obtained  are  based  upon  theoretical  and  theoretical-empirical  methods. 
The  empirical  information  required  for  the  basic  transverse- jet  flow  behavior  is  obtained  from  wind-tunnel 
tests  on  a circular  flat  plate  model  with  transversely  exhausting  jets.  The  results'  of  these  tests  are 
documented  in  Ref.  27.  For  the  purpose  of  validating  the  final  methods  as  applied  to  an  aircraft,  wind- 
tunnel  tests  were  conducted  on  a complete  aircraft  model. 

The  flow  model  for  the  transverse  Jet  flow-field  theory  is  shown  in  Fig.  15.  It.  this  model, 
entrainment  into  the  jet  due  to  viscous  mixing  is  taken  into  account.  The  jet  internal  flow  is  treated 
in  a global  sense;  that  is,  the  velocity  and  other  properties  within  the  jet  are  taken  to  be  uniform  over 
a cross  section.  In  formulating  the  equations  of  motion,  the  forces  applied  to  the  jet  are  assumed  to 
consist  of  tangential  and  normal  components  due  to  viscous  entrainment,  and  a normal  component  due  to  an 
equivalent  solid-body  section  drag.  In  order  to  make  the  problem  determinant,  knowledge  regarding  the 
entrainment  rate  and  the  section  drag  coefficient  is  required.  A relation  of  logical  form,  containing 
three  emp  r'cal  parameters,  is  assumed  for  the  “ntrainment  rate.  One  of  the  parameters  is  determined  by 
the  condition  that  the  theory  agree  with  known  results  for  a jet  exhausting  into  quiescent  air.  The 
remaining  two  parameters  are  selected  to  give  good  correlation  of  the  theoretical  jet  centerlines  and 
surface  pressures  with  the  experimental  data  taken  In  this  program.  In  order  to  determine  the  equivalent 
solid-body  section  drag  coefficient,  information  regarding  the  jet  cross-sectional  shape  is  required.  In 
this  regard,  it  is  observed  experimentally  that  in  the  initial  jet  expansion  region,  called  the  developing 
Fegtih. , tie  pr  jjsT*5at.iwwly  Jef  jime  Irum  ir.it i«l  Circular  cruet,  eeetior  tnfti  b wie  well 

as  shown  on  the  figure.  Once  the  kidney  shape  is  attained,  the  jet  cross  sections  remain  telatively 
similar  in  shape  as  the  jet  develops  downstream.  The  region  of  similar  cross  sections  is  called  the 
developed  region.  It  has  been  determined  experimentally  that  the  boundary  between  the  developing  and 
developed  region  occurs  at  a normal  distance  from  the  wall  approximately  equal  to  three  tenths  of  the 
product  of  the  initial  Jet  diameter  and  the  ratio  of  the  jet  efflux  velocity  to  the  free-stream  velocity. 

Since  it  is  rather  difficult  to  treat  the  exact  jet  cross  sectional  shape,  a simplified  shape  of 
elliptical  form  is  assumed.  Observations  show  that,  for  a kidney-shaped  cross  section,  the  best  fitting 
ellipse  is  one  having  a minor  to  major  axis  ratio  of  1/A.  Experimental  data  furtner  indicate  that,  in 
the  developing  region,  the  minor  to  major  axis  ratio  decreases  linearly  with  distance  from  the  jet  orifice. 
With  this  Information  on  the  jet  cross  section  at  hand,  it  is  possible  to  determine  the  jet  local  section 
f J e f From  Vntm  data  wertPu  Jtaa  I'CM.ffirle ,f  b F-r  4-J.rmlsr  and  . 1 1 tpf i*Al  ry  1 1 u]f t * . 

The  system  of  governing  equations  is  now  determinant.  Since  the  system  is  nonlinear,  however, 
recourse  to  a digital  computer  solution  is  required. 

Having  solved  the  governing  equations,  the  variations  of  the  entrainment  and  the  cross  sectional 
shape  along  the  Jet  centerline  are  known.  The  induced  flow  field  due  to  the  jet  is  then  determined  by 
representing  the  entrainment  by  an  appropriate  sink  distribution  and  the  cross  sectional  shape  by  an 
appropriate  doublet  distribution  along  the  jet  centerline. 

A comparison  of  theoretically  predicted  jet  centerline  trajectories  with  experiment  is  shown  in 
Fig.  16  for  initial  jet  angles  from  60  to  120  degrees.  As  may  be  seen,  the  agreement  is  rather  good. 

A representative  example  of  the  agreement  between  theory  and  experiment  for  surface  pressure  distri- 
butions Is  shown  in  Fig.  17.  As  may  be  seen,  the  agreement  at  lateral  positions  is  generally  good. 

Directly  ahead  and  directly  behind  the  agreement  is  poorer,  although  for  some  tests  the  agreement  forward 
of  the  jet  is  better  than  shown  here.  In  general,  the  poorest  agreement  is  obtained  in  the  wake  region 
behind  the  Jet.  This  is  to  be  expected,  since  there  is  no  provision  in  the  theory  to  properly  handle 
this  region. 

The  single-jet  mathematical  model  is  utilized  to  develop  an  analytical,  model  for  the  flow  fields  of 
double  and  triple  exhausting  Jets.  In  this  extension,  the  multiple-jet  jonfiguration  is  treated  as  an 
arrangement  of  discrete  jets,  each  having  its  own  singularity  distribution.  The  interference  of  the 
singularities  upon  each  other  is  not  taken  into  account;  instead,  the  upstream  jets  are  assumed  to  develop 
independently  of  the  downstream  ones  and  the  downstream  jets  are  assumed  to  exhaust  into  a stream  of 
reduced  velocity  resulting  from  the  blockage  of  the  upstream  jets. 

Once  the  trajectories  of  the  multiple  jets  have  become  merged,  the  merged  jet  is  considered  to  be  a 
single  one  and  is  analyzed  by  single-jet  theory  with  the  initial  condition  associated  with  the  merging 
appropriately  taken  into  account.  Some  empirical  relations  are  required  for  the  aforementioned  model. 

These  have  been  determined  from  Ref.  27  for  an  arbitrary  arrangement  of  double  jets  and  for  tandemly 
aligned  arrangements  of  triple  jets. 

Conformal  mapping  techniques  are  used  to  analyze  the  interference  effects  of  jets  on  bodies  and  wings 
for  regions  not  too  close  to  the  jet  its  If.  The  velocities  induced  on  the  bodies  by  the  jet  are  first 
determined  using  the  jet  cross-flow  theory.  The  problem  is  then  treated  in  a slender-body  sense,  i.e., 
the  flow  about  body  sections  normal  to  the  long  axis  is  treated  in  a two-dimensional  sense  and  the 
boundary-value  problem  associated  with  the  interference  velocities  is  solved  by  mapping  the  body  cross 
section  or 'o  the  circle  plane.  A modification  is  then  made  for  the  three-dimensional  effect. 

The  nonlinear  body  aerodynamic  analysis  is  similar  to  that  used  successfully  for  high  angle  of 
attack  missile  aerodynamics.  The  linear  effects  are  accounted  for  by  classical  slender-body  theory  with 
the  nonlinear  behavior  accounted  for  through  the  use  of  a viscous  cross-flow  drag  coefficient. 

The  nonlinear  wing  aerodynamics  is  analyzed  by  a double  lifting-line  theory  with  the  boundary  condi- 
tion satisfied  at  the  three-quarters  chord  position.  The  chordwise  positions  of  the  lifting  lines  are 
determined  in  a manner  such  that  the  theoretical  section  pitching  moments  .•’•e  in  agreement  with 
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experimental  values.  The  circulation  strengths  of  the  lifting  lines  are  then  determined  to  give  the  required 
section  normal  force  throughout  a large  angle  of  attack  range. 

surface 

Several  handbook-type  methods  are  devised  for  quickly  estimating  the/interference  effects  of  a single 
jet.  These  methods  assume  that  the  Interference  aerodynamics  for  a given  flow  situation  is  approximately 
equivalent  to  that  for  a single  jet  exhausting  from  a flat  plate.  In  Vol.  I of  Ref.  26,  universal  non- 
dimensional  curves  are  presented  for  rapid  estimation  of  the  interference  lift  and  moment  based  on  the 
aforementioned  assumption. 

The  methodologies  develop*  1 in  the  Northrop  Program  are  incorporated  into  s comprehent  iva  computer 
program  which  allows  selection  of  options  for  calculating:  (1)  the  flow  field  for  one  or  more  jets 

exhausting  from  a flat  surface  transversely  to  a free  stream;  (2)  interference  aerodynamics  for  a jet  in 
a wing  or  body;  (3)  nonlinear  wing  or  body  aerodynamics;  (4)  a conformal  mapping  routine;  (5)  wing  aerody- 
namics Ly  a liiting-HuTiant  theory.  The  last  option  is  a previous  capability  and  was  not  developed  under 
the  present  program.  The  computer  program  is  written  in  Fortran  IV  language  for  a CDC  6600  computer 
system.  A users'  manual  and  program  listings  are  given  in  Vol.  Ill  of  Ref.  26. 

Wind-tunnel  tests  were  conducted  on  a twin-engine  (wing  mounted)  hypothetical  fighter  aircraft  con- 
figuration model  with  a fuselage  lift  fan  and  a 90  degree  thrust  vectoring  capability  for  the  two  propul- 
sion engines.  In  addition,  the  deflected  propulsion  engine  exhausts  could  be  positioned  at  several 
longitudinal  locations.  The  model  and  tests  are  described  in  Vol.  II  of  Ref.  26.  The  purpose  of  the 
test  program  was  to  acquire  aircraft  configured  data  for  use  in  validating  and  improving  the  analytical 
prediction  techniques.  In  addition  to  providing  for  obtaining  six  component  forces  and  moments  in  the 
tests,  the  model  was  equipped  also  with  extensive  surface-pressure  Instrumentation. 

The  experimental  data  taken  and  the  correlations  made  on  the  configuration  model  are  too  extensive 
for  presentation  here.  Detailed  Information  is  available,  however,  in  Vol.  II  of  Ref.  26.  Regarding 
the  total  induced  lift,  reasonable  agreement  between  theory  and  experiment  generally  is  obtained.  For 
the  detailed  pressure  distributions,  good  agreement  is  obtained  for  wing  regions  outboard  of  the  nacelles, 
but  not  for  the  Inboard  regions.  Theoretical  pressure  distributions  for  regions  behind  the  Jet  lift  on 
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in  applying  the  methods  developed  to  actual  aircraft  configurations.  Guidelines  for  doing  so  are  avail- 
able in  Vol.  II  of  Ref.  26. 

5.  CONCLUDING  REMARKS 

It  is  believed  that  there  is  a need  for  both  handbook-  and  complicated  computer-program-type  methods 
in  V/sYuL  aerodynamic  prediction  methodology.  In  particular,  there  is  a need  for  handbook  methods  based 
upon  fundamental  flow  principles  with  appropriate  empirical  modification  as  opposed  to  total  reliance 
upon  empiricism,  since  the  former  has  mfe  growth  potential  than  the  latter.  Examination  of  the  hand- 
( jvh-tyvwe  w tlrude  latelopw)  tv  CTK  Taf  t ice  4 iwurtgat  lor  r a tentewy  to  .etb 

early  recourse  to  empiricism;  a notable  exception  is  in  the  lift  and  induced  drag  methodology  developed 
by  Convair.  For  those  STAI  methods  having  a substantial  empirical  base,  judgment  should  be  exercised  in 
applying  the  methods  to  aircraft  of  significantly  different  configuration.  Despite  the  foregoing 
comments,  the  STOL  Tactical  Aircraft  Investigation  Design  Compendiums^»5»*>  contain  considerable  informa- 
tion useful  to  the  preliminary  designer. 

Regarding  powered-lift  methodologies  of  the  handbook  type  requiring  further  improvement  or  develop- 
ment, there  is  a need  for  rational  methods  for  predicting  the  Interference  effects  of  vectored  jets,  and 
the  pitching  moment,  the  lateral-directional  stability  derivatives,  the  rotary  derivatives,  and  ground 
effects  for  all  the  subject  powered-lift  systems. 

The  methods  derived  under  the  Douglas  program  generally  represent  a high  state  of  technological 
development.  Consequently,  their  application  requires  considerable  indoctrination  on  the  part  of  the 
user.  The  Douglas  investigation  has  served  to  delineate  some  of  the  difficulties  involved  in  the  predic- 
tion of  ground  effects  and  emphasizes  the  need  for  further  development  in  this  area.  Validation  of  the 
Douglas  method  for  the  rotary  derivatives  awaits  the  availability  of  appropriate  experimental  data. 

The  outstanding  achievement  of  the  Northrop  program  is  the  transverse  jet  flow-field  prediction 
methodology.  This  methodology^  has  been  available  for  over  two  years  and  has  been  received  favorably 
by  the  U.  S.  Aerospace  industry.  An  area  requiring  improvement  is  the  prediction  of  the  wall  pressures 
immediately  downstream  of  the  jet. 
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SUMMARY 


The  paper  gives  a guide-line  to  the  project  engineer  for  a rough  estimation  of 
the  jet  induced  lift  losses  of  VTOL  aircraft  configurations  with  jet-lift  and  fan-lift 
engines  hovering  in  and  out  of  ground  effect.  The  nature  and  magnitude  of  the  aerodynamic 
jet  interference  effects  is  found  empirically  by  dimensional  analysis  of  the  flow  field 
and  by  measurements.  Jet  induced  lift  losses  and  pitching  moments  with  forward  speeds 
are  shortly  discussed  on  the  basis  of  wind  tunnel  measurements. 

The  discussions  and  illustrations  are  based  mainly  on  the  theoretical  and  experi- 
mental work  done  by  Dornier  in  the  field  of  VTOL  aerodynamics. 


NOTATIONS 


c wing  chord 

cp  pressure  coefficient  (p-p-J/jP^wj 

d diameter  of  jet  exit 

de  equivalent  diameter  of  all  jet  exits 
of  the  aircraft 

O'  angular  mean  diameter 

J *^f[r  («)-d/2Jd0 

F jet  thrust 

h height  of  jet  exit  above  ground 

H height  of  fuselage  above  ground 

Kj  impact  pressure  decay  parameter 

AL  Lift  increment 

p static  pressure 

Pt  plenum  total  pressure 


p^  ambient  static  pressure 

impact  pressure  at  jet  exit 
qx  maximum  jet  impact  pressure  at  x 
r radial  coordinate 

5 planform  area  of  the  aircraft 

Sj  jet  exit  area 

vK  free  stream  velocity 

Wj  jet  velocity  at  exit 

X distance  normal  to  jet  exit,  in 
Paragraph  3 chordwise  direction 

X.  point  of  maximum  rate  of  impact 
pressure  decay 

6 angular  coordinate 

p^  density  at  jet  exit 


1 . INTRODUCTION 

One  of  the  most  important  data  of  a new  aircraft  project,  especially  a VTOL  air- 
craft, is  the  installed  thrust.  After  deduction  of  the  losses  remains  the  net  thrust  which 
fixes  the  performances  and  the  control  of  a VTOL  aircraft.  For  this  the  project  engineer 
must  know  in  the  early  stage  of  the  definition  of  the  project  the  jet  induced  lift  losses 
in  and  out  of  ground  effect  and  with  forward  speeds. 

Due  to  the  complicated  flow  conditions  it  is  not  possible  by  now  to  determine 
the  jet  induced  forces  and  moments  of  any  VTOL  aircraft  theoretically.  Workable  calcu- 
lation methods  exist  only  for  simple  cases,  as  e.g.  for  the  plate  with  centrally  located 
jet  with  and  without  ground  effect;  the  same  is  valid  for  approaches  to  solve  this  problem 
with  forward  speeds.  There  is  a great  number  of  measurements  of  most  different  aircraft 
configurations  and  of  simplified  principle  models  also. 


* The  studies  have  been  sponsored  by  the  Ministry  of  Defense  of  the  Federal  Republic 
of  Germany . 


r 


23-2 

With  a view  to  future  VTOL  aircraft  the  following  pages  try  to  indicate  the  most 
important  parameters  and  to  offer  the  project  engineer  criteria  for  the  estimation  of  the 
jet  interference  effects.  The  basis  for  these  criteria  is  the  experience  Dornier  gained 
on  developping  and  testing  the  VTOL  jet  transport  aircraft  Do  31  and  on  developping  it 
further  to  the  Do  131,  on  wind  tunnel  testing  the  VTOL  light  aircraft  Do  LSK  with  lift/ 
cruise  fans  and  by  evaluating  the  literature. 


2. 


POWER  EFFECTS  IN  HOVER  OUT  OF  GROUND  EFFECT 


A number  of  experimental,  empirical,  and  theoretical  investigations  have  been 
devoted  to  the  problem  of  determining  the  forces  exerted  on  a stationary  body  from  which 
a jet  exhausts.  Particular  attention  has  been  paid  to  thrust  losses  of  lifting  jet  con- 
figurations, both  in  and  out  of  ground  effect.  The  most  pertinent  results  to  date  are 
contained  in  an  empirical  relation  for  lift  loss  out  of  ground  effect 


-0,64 


with 


,/3IV(pt'p-)/3(x/d> 

K1  “r x^a 


max 


(1) 


from  References  [1]  and  [2].  In  Eq.  (1)  the  first  term  means  the  ratio  of  the  airframe 
planform  area  to  the  jet  exit  area,  and  the  second  term  means  the  parameter  of  the  jet 
impact  pressure  decay.  The  third  term  takes  into  account  the  well  known  change  of  jet 
impact  pressure  decay  with  the  pressure  ratio.  From  model  tests  with  fighter  configu- 
rations with  centrally  located  jets  and  jet  exit  velocity  near  the  speed  of  the  sound. 
Ref.  [1]  found  for  the  expression  (pt/p«)"0'64  • C » 0,009.  Obviously  the  factor  C de- 
pends on  the  location  of  the  jet  within  the  planform  of  the  aircraft.  A centrally  lo- 
cated jet  will  induce  higher  lift  losses  than  a peripherically  located  one.  For  example, 
from  model  tests  with  the  VTOL  transporter  Do  31  the  podded  lift  engines  installed  at 
the  wing  tips  induced  a lift  loss  of  2,2  % compared  with  3,6  » of  the  cruise/lift  en- 
gine installed  below  the  inner  wing. 

Postulating  that  the  factor  C is  a universal  constant  the  influence  of  jet  lo- 
cation within  the  planform  will  be  taken  into  account  by  the  following  considerations. 

If  p is  the  local  pressure  on  the  lower  surface  of  the  wing  or  fuselage  the  downward 
directed  force  is  AL/F  - ^l(p-p»)  dS/S ^ p ^w j 

or 


r’  \J 


cp  dS/Sj 


(2) 


with  cp  as  the  local  pressure  coefficient.  It  is  new  assumed  that  cp  is  inversely  pro- 
portional to  the  radial  distance  from  the  jet  axis:  cp  ^ l/(r/d) . From  this  expression 
and  with  Eq.  (2)  thelift  loss  comes  out  as  -AL/F  ^ /l/(r/d)dS/S., 


’j 


or 


T*  % ii  J tr<e>-d/2jde 


(3) 


with  dS  ■ rdrde.  The  integral  of  Eq.  (3)  signifies  the  angular  mean  diameter 
p ■ i *y  [r(0)-d/2]d9  of  the  planform  area  without  the  jet  area.  Hence  follows  the  lift 


loss 


-AL  . D 
■ — 

F d 


(4) 


In  the  special  case  of  a circular  plate  of  outer  diameter  D with  centrally  located  jet 
the  angular  mean  diameter  is  5 - D,  and  the  lift  loss  comes  out  as  5L/F  * (S/S.)1/2. 
This  last  formula  results  in  the  same  relation  between  the  lift  loss  and  the  aiea  ra- 
tio as  Eg.  (1)  and  thus  confirms  that  the  assumption  for  cp  leading  to  Eg.  (2)  is  va- 
lid. By  replacing  the  aguare  root  of  the  area  ratio  from  Eg.  (1)  by  the  diameter  ra- 
tio of  Eg.  (4)  and  with  the  parameter  K.  of  the  jet  impact  pressure  decay  we  obtain 
the  new  formula  for  the  lift  loss  2 


As  postulated  in  Eg.  (5)  the  factor  C is  constant  for  any  planform.  A simple 
example  will  show  the  difference  in  lift  loss  between  Eq3.  (1)  and  (5).  The  circle  with 
radius  R and  the  guarter  circle  v 1th  radius  2R  have  the  same  area  S « irR*  but  the  an- 
gular mean  diameter  of  the  circle  is  D - 2 ttR  and  that  of  the  quarter  circle  is  D ■ 

• wR.  Using  Eq.  (1)  the  same  lift  loss  would  be  obtained  for  both  cases,  whereas  with 
Eg.  (S)  the  lift  loss  of  the  circle  is  twice  that  of  the  quarter  circle,  which  seems 
reasonable. 

The  two  different  methods,  i.e.  Eq.  (1)  and  Eq.  (5),  for  calculating  the  lift 
loss  will  now  be  proved  by  comparing  them  with  the  results  of  wind  tunnel  tests  with  a 
model  of  the  Do  31.  Two  configurations  will  be  investigated:  separately  blowing  lift 
jets  and  separately  blowing  lift/cruise  jets.  Since  the  jet  exit  velocity  is  near  the 
speed  of  the  sound  we  take  from  Ref.  [1]  that  C • (p  /p«.) -0,64  „ o,009.  In  the  case  of 
a multiple  nozzle  one  can  choose  three  different  flew  models  concerning  the  impact  pres- 
sure decay  on  the  jet  axis: 
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Do 31 : oreo  ratio  >125, diameter  ratio  ^ >16.8 

Model  I:  The  four  single  nozzles  are 

represented  by  one  nozzle  with  equivalent 
diameter  and  the  pressure  decay  of  a nor- 
mal jet. 

Model  II:  The  four  single  nozzles  are 
represented  by  a fourfold  mixing  nozzle 
with  equivalent  diameter  and  a pressure 
decay  of  a mixing  nozzle. 

Model  III:  Each  of  the  nozzles  will  be 
treated  separately  with  a pressure  decay 
of  a normal  jet. 

The  impact  pressure  decay  parameter  for  a 
normal  jet  is  Kj  - 0,2125  whereas  the  jets 
of  four  nozzles  arranged  at  the  edge  of  a 
quarter  have  the  value  Kj  • 0,425  accor- 
ding to  measurements  of  Ref.  [2J.  Fig.  1 
summarizes  the  principle  of  the  calcula- 
tion with  the  three  flow  models  combined 
with  the  two  analytical  methods  of  Eq.  (1) 
and  Eq.  (5)  for  the  lift/cruise  engine 
configuration  of  the  Do  31 . The  resux*-s 
of  the  calculations  for  separately  blo- 
wing lift  engines  and  lift/cruise  engi- 
nes are  shewn  in  Table  1. 
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Fig.l  Alternative  analytical  and  flow  models  for  the 
calculation  of  the  lift  losses  due  to  the  lift/cruise 
engines  of  the  Do  31 
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Table  I 

Lift  loss  —AL/F  of  the  Do  31 
hovering  out  of  ground  effect 


Do  31 

■ 

analytical 

model 

flow  model 

test 

B 

n 

m 

m 

lift/cruise 

engine 

Eq.  ( 1 ) 

0.02 

0.04 

0.04 

0.036 

Eq.  ( 5 ) 

0.017 

0.034 

0.034 

lift 

_engines 

Eq  ( 1 ) 

0.02 

0.04 

0.022 

Eq.  ( 5 ) 

0.012 

0.024 

0.024 

Because,  in  this  special  case,  the  factor  Kj  for  the  mixing  nozzle  is  twice  that  of  the 
normal  jet  the  lift  loss  is  the  same  for  flow  model  II  and  III  and  half  the  value  for 
model  I.  In  case  of  lift/cruise  engines  there  is  a good  agreement  between  tests  and 
theory  according  to  Eq.(l)  as  well  ms  Eq.  (S)  if  flow  model  II  or  III  is  used.  In  case 
of  the  peripherically  located  lift  engines,  only  Eq.  (5)  agrees  with  the  tests.  This 
confirms  the  validity  of  the  considerations  which  led  to  Eq.  (5).  It  is  obvious  that 
lift  losses  of  flow  model  I are  too  low  since  the  pressure  decay  of  the  equivalent 
single  jet  is  quite  different  from  the  real  value  in  our  case.  For  calculating  lift 
losses  for  VTOL  aircraft  with  multiple  jets  it  is  recommended  to  use  Eq.  (5)  and  to 
calculate  the  impact  pressure  decay  of  the  jet  with  a mixing  nozzle  according  to  flow 
model  II  or  with  separate  treatment  of  each  nozzle  according  to  flow  model  III,  depen- 
ding on  which  of  the  two  is  available. 


3.  GROUND  EFFECT  IN  HOVERING 

During  hovering  near  the  ground  the  aircraft  is  subject  to  additional  induced 
forces.  A single  jet  which  is  vertically  or  obliquely  directed  to  the  ground,  after  de- 
flection, flows  radially  parallel  to  the  ground  like  a wall  jet.  Like  the  free  jet  the 
wall  jet  entrains  with  the  ambient  air.  If  a pair  of  jets  or  jet  rows  are  directed  to 
the  ground  there  exists  a strong  up  flow  between  them.  For  a given  VTOL  configuration 
hovering  near  the  ground  both  effects,  entrainment  and  upflow,  will  exist  and  influence 
each  other.  The  following  tries  to  interpret  and  elaborate  the  existing  empirical  rela- 
tions. The  flow  field  of  a VTOL  aircraft  hovering  near  ground  may  be  split  into  four 
basic  types  shown  in  Fig.  2. 


Fig.2  Basic  types  of  ground  effect 


3 . 1 Round  Jet  Centrally  Located  in  a Flat  Plate 

There  are  well  known  empirical  relations  for  the  velocity  decay  of  a free  jet 
and  a walljet.  Any  characteristic  velocity  within  the  free  jet  and  the  wall  jet  is  in- 
versely proportional  to  the  distance  from  the  jet  exit  and  the  radial  distance  r from 
the  stagnation  point  respectively 


w 1 

Wj  ?7a 


fH  W 


The  velocity  induced  by  the  walljet  at  a height  H above  the  ground  is  inversely  propor- 
tional to  the  height 

, ,W‘ 

— — (7)  I * * 

w H ' ' A 


Equations  (6)  and  (7)  show  a relation  between  the  jet  exit  conditions  and  the  flow  con- 
dition at  any  point  above  the  ground 


If  it  is  assumed  that  the  suction  forces  on  the  lower  side  of  the  plate  are  proportio- 
nal to  the  second  power  of  the  Induced  velocity  the  lift  loss  comes  out  as: 


(S-S-.) 


war  * 


Eq.  (9)  is  nearly  the  same  as  Ref.  [3]  found  in  his  empirical  investigations  for  the 
lift  loss: 


0,012 


(S/S.,)  1/2-l  j2,3 

. H7d  J 


Fig.  3 shows  a comparison  of  Eq.  (10)  with  measure- 
ments of  Ref.  [4]  and  [5],  Further  simplification 
of  Eq.  (9)  leads  to  -AL/F  -v  (D-d/H) 1 which  is  nearly 
the  same  equation  as  Ref.  [4]  obtains  from  his  em- 
pirical investigations  for  the  lift  loss 
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Eq.  (11)  shows  that  the  lift  loss  depends  only  on 
the  net  area  surrounding  the  jet  and  on  the  ground 
distance.  As  will  be  seen  below,  this  is  only  valid 
for  the  round  jet. 

I*  the  jet  exit  is  not  centrally  located  within  the 
planform  of  the  aircraft  it  is  suggested  to  use 
Eq.  (11)  by  replacing  the  equivalent  planform  dia- 
meter D by  the  mean  angular  diameter  D as  defined 
in  Paragraph  2.  This  procedure  has  not  been  pro- 
ved by  measurements  but  seems  physically  reaso- 
nable. 


* 


Fig.3  Lift-loss  near  ground,  comparison 
of  theory  and  test,  entrainment 
effect  dominant 


3 • 2 Row  of  Jets  in  the  Middle  of  a Place 

Fig.  (3)  shows  test  results  with  a narrow  rectangular  jet  exit.  The  curve  is 
more  flat  than  for  the  round  jet.  The  reason  is  that  the  entrainment  of  a quasi 
two-dimensional  jet  is  slower  than  for  a round  one.  Compared  with  the  inverse  linear 
relation  of  Eqs.  (6)  und  (7)  the  velocity  decay  in  the  two-dimensional  case  is  pro- 
portional to  the  square  root  of  the  distances. 
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3 . 4 Flat  Plate  between  a Pair  of  Jets 

Since  in  this  case  the  character  of  the  flow  field  is  a mixture  between  the 
first  case  and  the  third  case  it  is  more  difficult  to  give  an  idea  of  the  magnitude 
of  the  interference  effects.  The  upflow  between  the  jets  causes  lift  gain,  whereas 
outside  this  area  the  entrainment  of  the  jets  produces  lift  loss. 


with  Lift/ 
Cruise  Jets 


As  an  example.  Fig.  5 shows  the  induced  lift  loss  of  different  VTOL  aircraft  models 
tested  by  Dornier.  In  the  case  of  the  Do  LSK  and  Do  131  the  entrainment  effect  domi- 
nates, whereas  in  the  case  of  the  Do  31  with  the  fourfold  lift/cruise  engine  jet  the 
upflow  and  entrainment  effects  have  nearly  the  same  magnitude  of  opposite  sign. 


4.  FORWARD  SPEED  INTERFERENCE  EFFECTS 

In  addition  to  the  entrainment  effect  in  hovering  flight,  at  forward  speeds 
the  lifting  jet  efflux  imposes  a blockage  effect  on  the  external  airflow  along  the 
airframe  surface.  On  the  ither  hand,  the  jet  when  leaving  the  nozzle  exit  is  deflec- 
ted downstream,  and  its  transverse  cross  section  rapidly  distorts  from  a round  to  a 
horseshoe  shape.  These  characteristics  modify  the  main  stream  flow  field  about  the 
airframe,  promoting  suction  and  pressure  regions. 

In  the  static  case,  as  shown  in  the  second  chapter,  the  mainly  influencing  pa- 
rameters for  jet  interference  are  the  square  root  of  the  area  ratio  and  the  jet  decay 
parameter.  In  addition  thereto,  the  most  important  parameters  with  forward  speeds  are 
the  chordwise  location  of  the  jet  exit  within  the  wing  planform  and  the  ratio  of  free 
stream  velocity  to  jet  exit  velocity.  In  Fig.  6 the  jet-induced  lift  and  pitching  mo- 
ment is  plotted  against  the  chordwise  location  of  the  jet  with  the  velocity  ratio  as 
parameter.  The  plots  result  from  measurement  of  Ref.  [6]  with  a rectangular  wing  of 
aspect  ratio  5 and  a jet  blowing  vertically  downwards  in  the  plane  of  symmetry.  The 
ratio  of  wing  planform  area  to  jet  exit  area  is  145.  If  the  nozzle  blows  downwards  in 
the  front  half  of  the  wing  chord  the  Induced  lift  loss  and  pitching  moment  increases 
with  forward  speed  resulting  from  suction  regions  to  the  rear  and  the  side  of  jet  exit. 
It  is  clear  that  the  induced  pitching  moment  changes  the  sign  when  the  nozzle  crosses 
the  reference  quarter  chord  point.  If  the  nozzle  is  shifted  aft  from  mid-chord  to  the 
trailing  edge  the  lift  loss  decreases  more  and  more  with  increasing  free  stream  velo- 
city. For  the  highest  free  stream  velocity  the  jet  induces  positive  lift  and  a pitch- 
down  moment.  These  effects  stem  from  the  well  known  jet  flap  effect,  i.e.  a jet  which 
blows  downwards  from  the  trailing  edge  of  a wing,  like  a real  flap,  produces  lift  and 
a pitch-down  moment. 

In  spite  of  the  limited  character  of  the  results  it  seems  that  the  most  impor- 
tant parameters  were  shown.  As  in  the  hovering  case  of  Paragraphs  2 and  3 it  is  assumed 
that  the  aerodynamic  forces  induced  by  the  jet  decrease  proportional  to  the  radial  di- 
stance from  the  jet  exit  and  it  is  suggested,  according  to  the  considerations  of  Para- 
graphs 2 and  3,  to  use  the  following  relation  for  estimating  the  jet  interference  ef- 
fects for  other  configurations: 


'Fig. 6 


(15) 


with  the  diameter  ratio  of  the  configuration  of  Pig.  6 D/d  * 9,2  and  6,9  for  the  jet 
exit  location  Xj/c  -0,5  and  0 or  1 respectively.  From  static  tests  we  know  the  influ 
ence  of  the  jet  decay  parameter  on  the  jet  entrainment.  We  do  not  know  the  influence 
of  the  jet  decay  parameter  with  forward  speeds  on  the  jet  deflection,  on  the  blockage 
effect,  and  on  the  jet  flap  effect.  Further  experimental  research  work  is  necessary. 


*j/C«  -0  25 
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Fig.6  Influence  of  chordwise  position  of  jet  exit  and  of  velocity  ratio  on  lift  loss  and 
pitching  moment  change  of  a wing 


Do  LSK 


The  last  Fig.  7 shows  a compilation  of 
the  measured  lift  losses  from  Ref.  [ 7 J 
and  from  Dornier  of  mo3t  different  VTOL 
aircraft  configurations  plotted  against 
the  velocity  ratio.  The  curves  confirm 
qualitatively  the  e'cove  statements.  The 
centrally  located  jets  in  lifting  sur- 
faces produce  heavy  lift  losses,  whereas 
the  jet  blowing  from  the  trailing  edge 
like  on  the  Do  LSK  produces  positive 
lift  due  to  the  jet  flap  effect.  Un- 
fortunately there  was  not  enough  time 
to  prove  Eq.  (15)  by  the  measurements 
of  Fig.  7 quantitatively. 
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Fig. 7 Jet-induced  lift  with  forward  speed  for 
different  VTOL  configurations 
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5 . CONCLUDING  REMARKS 

The  paper  gives  a help  to  the  designer  to  estimate  the  jet  interference  ef- 
fects on  VTOL  configurations.  Hovering  out  of  ground  the  lift  loss  can  be  calculated 
within  a scatter  of  one  percent.  Within  ground  effect,  by  analysing  the  jet  flow  field, 
it  is  possible  do  decide  whether  there  is  lift  gain  or  lift  loss.  In  the  case  of  lift 
loss  it  is  possible  to  reduce  it  by  simple  means.  With  forward  speeds  the  lift-  and 
pitching  moment-change  is  suggested  to  estimate  with  the  help  of  a simple,  empirically 
derived  formula.  The  parameters  are  the  velocity  ratio,  the  diameter  ratio  and  the 
chordwise  position  of  the  jet  exit. 


6. 

REFERENCES 

[1] 

Gentry,  G.L. 
Margaeon,  R.J. 

Jet-Induced  Lift  Losses  on  VTOL  Configurations  Hovering  In  and 
Out  of  Ground  Effect.  NASA  TN  D-3166,  1966 

[2] 

Shumpert,  P.K. 
Tibbetts,  J.G. 

Model  Tests  of  Jet-Induced  Lift  Effects  on  a VTOL  Aircraft  in 
Hover.  NASA  CR-1297,  March  1969 

[3] 

Hall,  G.R. 

Scaling  of  VTOL  Aerodynamic  Suckdown  Forces.  J.  Aircraft, 
Vol.  4,.  No.  4 (1967) 

[4] 

Wyatt,  L.A. 

Static  Tests  of  Ground  Effect  on  Planforms  Fitted  with  Cen- 
trally Located  Round  Lifting  Jet.  ARC  CP  No.  749  (1964) 

[5] 

Vogler,  R.D. 

Interference  Effects  of  Single  and  Multiple  Round  or  Slotted 
Jets  on  a VTOL  Model  in  Transition.  NASA  TN-D  2380  (1964) 

[6] 

Baumert,  W. 
Harms,  L 

EinfluS  eines  DUsenstrahls  auf  die  aerodynamischen  Beiwerte 
von  (lber  der  StrahldUse  angeordneten  FlUgeln.  DGLR  Mitt.  70-28. 

[7] 

Williams,  J. 

The  Aerodynamics  of  V/STOL  Aircraft,  v.  Karman  Institut  for 

Fluid  Dynamics,  Brussuls,  Lecture  Series  9,  May  13-17  1962. 


24-1 


A REVIEF  07  THB  LIFTING  CHARACTERISTICS  Of  SOME 
JET  LIFT  V/STOL  CONFIGURATIONS 


•P.G.  KNOTT  tod  +J.J.  HARGREAVES 
Military  Aircraft  Division,  Brltiih  Alroraf t Corporation 


SUMMARY 

On*  of  th*  Important  faotora  in  tha  design  of  jot  lift  aircraft  ooaoorns  the  changes  to  the  wing 
lift  that  ooour  aa  a result  of  the  interaction  between  the  lifting  jet  efflux  and  the  free  streaa. 
These  intereotlve  effeots  oan  be  large,  depending  on  tha  configuration* 


It  is  the  objeot  of  this  paper  to  present  a saall  selection  of  the  acre  Interesting  results  and  to 
review  the  attempts  that  have  been  wade  to  develop  enpirloal  asthods  of  prediotlon. 

The  data  earrelation  atteopts  discussed  inolude  the  use  of  Bradbury's  similarity  laws,  a ourve 
fitting  exeroise  using  data  froa  ter  is  on  a finite  wing  with  jet  also  and  position  as  variables,  and  a 
asthod  whloh  approximates  the  lift  to  thnist  ooeffloient  relationship  linearly.  It  is  Intended  to 
apply  this  latter  asthod  to  the  study  of  configuration  effsots  on  aulti-jet  arrange  a ants  in  particular. 

When  considering  the  ehoioe  of  configuration,  the  location  of  the  lift  jets  is  one  <f  the  aost 
fundaaental  parameters  and  test  results  are  presented  to  show  soae  of  the  lift  trends.  Finally  sons 
results  froa  tests  eondueted  in  ground  offset  in  both  hover  and  forward  speed  are  disoussed. 

In  conclusion  it  is  apparent  that  although  a broad  understanding  of  the  subjeot  has  been  achieved, 
little  real  progress  has  been  aade  towards  quantifying  the  effect  of  variables  for  design  purposes. 


SOHMAIM 


L'un  des  plus  import  ante  facteurs  rencontrA  au  coure  de  la  creation  d'un  avion  a eustentation 
motorisle,  concerns  lea  variations  auxquellea  est  sujet  la  portance  alaire  d(lea  aux  interactions  entre 
1' efflux  du  plan  de  sustentation  et  de  l'Acoulement  non  perturbA.  Ces  effets  d' interaction  peuvent 
Jtre  iaportants  en  fonction  de  la  configuration. 

Ce  trait i a pour  but  de  presenter  un  petit  noabre  de  resultats  intAreaaanta  et  d'un  soonaire  des 
essais  effectues  af in  de  developper  les  mSthodes  enpiriquea  de  la  prSdiction. 

Lea  essais  discutSs  icl  pour  la  corrSlation  des  renaeignementa  comprennent  les  lois  de  aimilarlte 
de  Bradbury,  les  adaptations  1 une  courbe  en  servant  des  informations  obtenuee  suite  aux  essais  effectuCs 
eur  une  alls  finite,  les  dimensions  et  la  position  du  rSacteur  (tent  variables,  et  d'une  methods  entralnant 
1’ approximation  linSaire  du  coefficient  de  rapport  de  la  portance  A la  pouaaSe.  On  envisage  l'application 
de  cette  derniire  mSthode,  en  particulier,  aux  Atudea  des  effets  de  configurations  sur  les  dispositions 
multi-reacteura. 


Pour  la  configuration,  la  position  des  rAacteura  est  l'un  des  parametres  les  plus  ioportants,  et 
l'on  a fait  la  presentation  des  rAaultata  dea  eseaie  dans  le  but  de  montrer  quelquea  tendances  de 
portanco.  Enfin,  l'on  diacute  de  quelques  resultats  des  essais  effectufc’a  au  sujet  de  l'effet  de  sol  sur 
la  vitesse  en  vol  stationnaire  et  en  vol  vers  l'avant. 


®n  conclusion,  il  est  evident  que  malgre  une  large  connaissance  du  sujet,  aucun  progres  concrete 
n'ont  ete  faits  sur  la  quantification  dee  effete  de  variables  pour  lee  projete  d 'etudes. 


NOTATION 
Aj  - 
b 


- 

CLj  - 


Co 

Cs 


geoaetrio  jet  notsle  area 
wing  span 

airframe  lift  coefficient  (excludes 
direot  Jet  thrust) 
power  off 

Jet  induced  CL  (* 

root  ohord 

suotlon  coefficient 

gross  Jet  momentum  coefficient 

diameter  of  cirole  whose  area  is  wing 

area  S 1 f 2r 

angular  mean  diameter  * — I r dS 

jet  nossle  diameter  "Jo 

base  of  natural  logarithm 

model  height  above  ground 

airframe  lift 

jet  induced  lift 

jet  induced  lift  in  hover 


HJ 

Mo 

PJ 

Po 

r 

S 

TJ 

Vj 

Vo 

XS 

a 

yj 

yo 

A 

*p 

SN 

Pi 

Po 

e 


jet  Mach  number 

free  streaa  Vaoh  number 

jet  statio  pressure 

free  stream  statio  pressure 

radial  distanoe  from  jet  oentre 

gross  wing  area 

gross  momentum  thrust 

jet  velocity 

freestream  velocity 

distance  of  jet  centre  from  leading  edge 
angle  of  attack 

ratio  of  specific  heats  of  Jet  flow 
ratio  of  speclfio  heats  of  freestream  flew 
increment  of 
flap  def le  ction 

nossle  deflection 

Jet  density 
freestream  density 
angular  displacement 


Lj^  - Jet  Induced  lift  in  hover  away  from 
**  ground  effeot 


* Principal  Engineer,  Find  Tunnel  Department 
4 Senior  Engineer,  Find  Tunnel  Department 
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1 . INTRODUCTION 

One  of  the  consideration*  In  the  design  and  operation  of  jet  lift  aircraft  ooneerns  the  way  In 
whioh  the  efflux  from  the  lifting  jets  Interacts  with  the  airframe  lifting  surfaces  and  the  freestreaa 
to  alter  tbs  forces  and  moments  on  the  airoraft.  These  Jet  interaction  effects  are  by  no  Mans 
trivial,  and  need  to  be  taken  into  acoount  when  estimating  the  performance  of  the  aircraft  in  VTOL, 
transition  and  STOL  flight. 

The  N.A.T.O.  oountriea  have  been  interested  in  jet  lift  airoraft  for  the  last  20  years  at  least 
and  many  companies  and  researoh  establishments  have  concerned  theMelves  with  the  design,  research  and 
development  of  such  airoraft  during  this  period.  B.A.C.,  amongst  others,  studied  the  N.A.T.O. 
specifications  N.B.M.R.3  and  4 (Military  V/STOL  strike  and  transport  aircraft)  in  the  late  1950's  and 
early  1960's.  Much  of  the  effort  was  directed  to  saall  scale  wind  tunnel  tests  in  whioh  the  direot 
jet  and  airframe  forces  were  separately  measured.  These  experiments  highlighted  the  jet  lift  inter- 
action effects,  showed  the  trends  and  order  of  magnitude  and  set  the  stage  for  the  construction  of  a 
larger  facility  (fig.  1 ) and  the  start  of  a progresses  of  research. 


FIG-.  1 


Like  many  establishments  the  early  researoh  started  with  the  investigation  of  the  pressure  field 
on  an  infinite  surface  from  which  the  jet  emerges ' Recently  this  type  of  investigation  has  been 

repeated  and  extended5*°  and  it  is  extracts  from  this  work  that  form  the  starting  point  for  this  review. 

Most  of  the  material  reviewed  in  this  paper  has  been  taken  from  low  speed  wind  tunnel  tests  on 
complete  aircraft  models  with  lifting  Jets,  with  the  model  located  sufficiently  far  away  from  the 
floor  and  walls  to  be  out  of  ground  effect  and  not  significantly  constrained  by  the  walls.  The  purpose 
of  reviewing  some  of  this  work  is  partly  to  promote  discussion  on  these  characteristics  and  partly 
to  examine  the  possibilities  for  correlation  of  the  data.  The  correlation  motive  stems  from  the 
requirement  to  produce  relatively  simple  expressions  which  can  be  used  in  computer  aided  parametric 
studiee  associated  with  the  preliminary  design  process. 

assessing  the  infinite  wall  data,  results  from  a simple  finite  wing  with  single  lifting  Jet 
are  exa_..od  before  the  characteristics  of  practical  wing/b ody/ multi- jet  arrangements  are  presented. 

Some  risults  which  show  the  effect  of  ground  proximity  both  in  hover  (VTOL)  and  at  forward  speed 
(STOL)  are  included  for  the  sake  of  completeness. 

Considering  the  time  scale  over  which  this  work  has  been  carried  out,  one  oannot  help  the  feeling 
that  real  progress  in  understanding  and  the  development  of  analytical  methods  has  been  depressingly 
slow.  It  should  be  noted  however  that  a considerable  amount  of  the  effort  that  has  been  applied,  hae 
been,  and  still  is  being  directed  towards  test  technique  development,  e.g.  engine  simulation.  It  la 
also  worth  noting  that  the  characteristics  are  non-linear  which,  combined  with  a multiplicity  of 
configuration  aral  jet  parameters,  has  made  analysis  very  difficult.  Understanding  has  been  influenced, 
sometimes  wrongly,  by  the  method  of  presentation  adopted.  This  point  is  discussed  in  the  following 
text.  In  this  context  it  should  be  noted  that  a linear  assumption  is  implicit  in  the  definition  of 
the  jet  lift  interaction  term  Lj  when  applied  to  finite  wings,  and  this  may  also  be  a possible  source 
of  misunderstanding  when  examining  the  effect  of  variables. 

2.  SOME  SIMPLE  CONFIGURATIONS 

2,1  The  infinite  wall  correlation 

A study  by  Thompson^  includes  a correlation  by  the  similarity  law  developed  by  Bradbury^, 
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This  correlation  shows  that  the  path  of  the  Jet,  defined  as  the  trajectory  of  the  asucinun  total  pressure 
at  any  section,  is  a function  of  the  effective  velocity  ratio 

(Vo/Vj)*  b (poVo*/pJVJ*)^  - Uo/Uj  only.  Furthermore,  the  integration  of 

the  pressure  field,  Cs,  to  any  given  radius,  r,  is  shown  to  collapse  well  as  a function  of  the  effective 
velooity  ratio  and  the  area  of  integration.  It  is  this  feature  that  is  pleasantly  surprising  aid  of 
possible  practical  interest. 

Thomson  also  tested  non-circular  Jets  and  showed  that  the  sane  form  of  correlation  could  be 
substantiated  but  that  the  constants  change  signifieantly  for  different  shaped  Jets.  It  seems  likely 
that  the  correlation  could  also  be  influenced  by  the  Jet  structure  e.g.  velocity  profile  and  centre- 
line decay  rate.  One  may  expect  to  see  increased  scatter  due  to  these  effeots  when  other  sources  of 
data  are  inoluded.  Data  scatter  is  also  likely  to  result  from  a degree  of  unsteady  behaviour  in  the 
region  behind  the  Jet.  The  correlation  is  therefore  not  as  good  (fig.  2)  when  data  from  three  other 
different  sources' *z»*  is  compared.  In  the  presentation  of  figure  2 the  range  of  the  parameters  is 
limited  to  that  of  particular  interest  i.e.  the  lower  values  of  r/dj  and  Vo/Vj. 

2.2  Comparison  with  results  from  a simple  finite  win*  model 

A simple  60s  delta  wing  model  with  a single  lifting  Jet  was  tested  under  U.K.  Government 
research  contract  by  B.A.C.  in  1967.  The  tests  performed  eovered  two  wing  to  Jet  area  ratios,  S/AJ, 
and  three  chordwlse  locations  of  the  jets  xVCo.  These  results  are  presented  on  figure  4,  and  have 
been  reduced  to  the  infinite  wall  correlation  form  on  Figure  3.  On  figure  3 the  expressions  hat's 
been  changed  into  the  finite  wing  equivalents:- 

Cs(Vo/Vj)e  s 2 Lj/Tj  and  r/dj  s 1 (s/Aj)* 

The  original  correlation  curve  for  round  jets  from  Thompson  is  again  reproduced  for  comparison. 

In  relating  the  infinite  plane  wall  to  the  finite  wing  a linearised  assumption  is  made,  In  that  Lj 
is  an  incremental  force  defined  as  the  difference  between  the  airframe  lift  with  power  on  to  that  with 
power  off.  This  oan  only  be  considered  an  approximation  to  the  infinite  wall  equivalent,  which  has 
sero  lift,  power  off,  because  of  the  non-linear  terms  arising  from  the  thickness  and  camber  interaction 
with  the  jet  Induced  effects. 

The  finite  wing  to  Infinite  wall  comparison  is  disappointing  in  that  it  does  not  even  show  good 
correlation  with  area  ratio  for  the  central  Jet  positions  (2  and  4)  whioh  one  might  have  expected. 

The  infinite  wall  correlation  cannot  cater  for  any  edge  effeots  of  course.  This  is  shown  in  particular 
by  position  3,  the  rear  Jet  case. 


This  comparison  suggests  that  the  infinite  wall  similarity  approach  should  be  abandoned  in  favour 
of  an  empirical  analysis  whioh  oombines  both  area  ratio  and  chordwlse  location.  Suoh  an  approach  has 
been  recently  made  and  is  discussed  in  the  following  section.  The  characteristics  of  these  finite 
wing  results  and  their  implications  to  aircraft  design  are  also  discussed  in  the  following  section. 
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2.3  Jet  chordwlse  location  effects 

Referring  still  to  the  delta  wing  model  results?,  an  empirical  expression  hss  been  derived  by 
trial  and  error  to  fit  this  data,  (Figure  4).  In  the  interest  of  simplicity,  a good  fit  to  the 
smaller  Jet  data  has  been  sacrificed  since  the  larger  Jet  case  is  of  more  practical  interest.  Even  so 
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th*  fit  to  the  rear  Jot  position  csss  is  not  particularly  good  but  tho  rosulting  expression  is  relatively 
slspie  and  does  merit  sons  further  discussion. 

Ths  expression  is:-  Lj/TJ  * Ll0/Tj  - (1  - e-5°(M°/»<j)*)(K  + R (Mo/Mj)») 

where  Lj0  is  the  sero  forward  speed,  or  hover  ralus,  not  derlred  in  this  expression. 

The  exponential  taro  gives  the  ooiTsct  shape  to  ths  'jurro  at  the  important  low  speed  end.  K and 
K are  functions  of  area  ratio  and  Jet  location  and  for  this  case  are:-  1 


Kt  . 0.30  (S/AjWE/D)*  Kf  = -6.4  (.vj/Co)** 71  (S/AJ)0,M4  (5/D)* 

Points  of  Interest  are  that  an  (S/Aj)“  term  arises  as  in  the  infinite  wall  correlation;  and  that  it  was 
impossible  to  derive  an  expression  anything  like  the  characteristics  without  introducing  a weak  area 
ratio  dependence  with  the  position  effeot  in  K . This  latter  point  is  one  that  demonstrates  ths  non- 
linear relationships  between  the  variables.  * 


nils  form  of  expression  might  be  applioable  to  other  configurations  with  K and  K re-calculated, 
and,  given  a good  set  of  suitable  data,  it  might  be  possible  to  extend  the  expression  to  another  variable, 
but  it  looks  as  though  the  bsst  that  one  oan  hope  for  is  a series  of  suoh  expressions  eaoh  covering  a 
limited  range  of  variables. 

This  expression  is  presented  in  graphieal  form  on  figure  5 to  show  the  area  ratio  and  chordwise 
looation  trends  that  one  might  expect  from  practical  configurations.  Sons  of  ths  interesting  features 
are  the  arresting  at  the  lift  loss  that  ocours  as  the  jet  is  moved  rearward  on  the  lifting  surface,  as 
Mo/Mj  increases;  and  to  a lesser  extent  as  the  ratio  of  the  wing  area  S to  total  jet  area  Aj  reduces. 
These  jet  position  trends  are  confirmed  on  praotioal  configurations  as  will  be  shown  in  subsequent 
sections. 
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It  ahoold  D#  nottd,  tod  this  la  furthw  dlsoutsad  in  tha 
nax t Motion,  that  this  particular  fora  of  prasontatlon 
Lj/Tj  ▼ Mo/kj  can  ba  nlslaadlig  at  the  higher  speed 
FIC  * and  of  the  plot  sinoe  although  Lj/TJ  oan  be  nuaorioallj 

EMPIRICAL  EXPRESSION  FOR  ?°,ltiTa  « "*»*!•  i«.  total  iU* 

7-— — - — — — — — — — — lift,  Clti  are  only  mil,  and  at  theca  higher  ipeeda 

,0UT.J.F  CROUND  EFFECT  tha  total  airframs  lift  la  lnfluanoad  increasingly  aore 

4n  * 40°  by  the  power  off  oharaoterletloa  l.e.  email  obanges  In 

lncldenoe  will  swamp  quite  largo  value  a of  Li/TJ. 

3.  RtJLTI-JTr  WING/BODY  CONFIGURATIONS 

3,1  Preeentatlon  of  reeulte 


5/a^  from  ***•  taya  at  B.A.C.  teata  wore 

^ AJ  carried  out  with  the  direct  thruat  TJ  anl  airfroae 

\ ■'■•42 — forooa  aeparataly  aeaeured.  Sinoe  the  'power  off'  data 

\ point  wat  alwaya  aeaeured,  but  in  general  did  not  fora 

0 4 \ \ v, an  eaaentlal  part  of  the  investigation,  ezoept  aa  a 

, . \ ^ — j 0_  datua  oondltion,  it  beoaae  practice  to  aubtraet  thla 

L/yj  \ \ ' 'power  off'  value  from  the  'power  on'  data.  Tha  resulting 

\ 'X  * » Jet  interaotion  increment  e.g.  Li,  waa  then  non- 

. \ NX  dlaenaionallsed  by  the  direot  Jet  thruat  (groaa  thruat). 

0 i \ X Ny.  In  order  to  inelude  the  hover  condition,  the  interaotion 

\ ? S'*  XXiJ^  tars  waa  plotted  agalnat  the  reciprocal  of  tha  thruat 

coefficient,  1/CpJ,  which  glvea  a forward  apeed  squared 
VARIATION  with  - scale,  nils  presentation  is  particularly  useful  when 

Aria  ratio  j . .o5  oonaidarlng  the  initial  part  of  tranaltion  from  a VTO. 

JL® 1 1 J - F-j Also,  tha  uae  of  the  thrust  coefficient  rather  than  the 

Maoh  no.  ratio  is  more  convenient  for  project  design 
work  since  the  gross  thruat  is  usually  readily  obtainable 
from  engine  brochures.  In  tha  study  of  the  more  basic 
situations,  auoh  aa  diacuaaed  in  aection  2 of  this  paper 
(Vo/Vj),  or  Maoh  no.  ratio  Mo/Mj  has  been  used  aa  the 
base  paraaster.  The  relationship  can  be  expressed  aa:- 

1/C„j  - 2 yo/yJ.po/pJ.S/AJ.(lloAJ),  - -j  S/AJ.(Mo/MJ)* 

In  these  presentations  the  hovel-  and  low  speed  lift  is 
emphasised  l.e.  the  regime  where  the  vehlole  la  largely 
jet  thrust  supported  and  subsequently  to  be  termed  the 
'low  speed  regime'.  At  the  'high  speed'  end  of  the 
powered  lift  flight  regime,  where  wing  lift  progressively 
takes  over,  the  lift  loss  presented  as  a proportion  of 
thruat  my  be  misleading  and  the  lift  term  is  better 
presented  aa  a lift  coefficient.  In  recent  years 
attention  has  been  focussed  not  only  on  VTO  and  transition 
but  also  on  the  use  of  vectored  thrust  and/or  lift 
engines  for  very  short  take-off  and  land  performance. 
Given  this  emphasis,  the  hover  condition  la  no  longer 
of  much  interest  and  attention  is  focussed  on  the  wing 
lifting  capability  from  typical  lift  off  speeds  to  fully 
wing  borne  flight. 

The  model  shown  on  figure  6 is  one  of  a number 
recently  tested  in  the  study  of  v/STOL  oombat  aircraft 
using  vsetared  propulsion  and/or  lift  engines.  This 
configuration  is  an  example  of  the,  so  called,  'lift  + 

1 lift/ cruise'  concept  The  results  from  one  test  run 

on  this  model  are  shown  plotted  in  a form  suitable  for 
very  STOL  assessment.  The  total  wing/body  lift 
coefficient  Cl  is  plotted  against  the  thrust  coefficient 
Cpj.  The  origin  is  now  the  power-off  lift  (rero 
value)  and  the  scale  is  one  of  decreasing  forward  speed. 
This  particular  example  is  at  a height  above  that  whioh  is  influenced  by  the  ground  (out  of  ground 
effect)  and  at  suro  inoldenoe  but  with  wing  flaps  desrn  to  produce  Increased  'power  off'  lift.  The 
results  for  a number  of  test  runs  were  plotted  in  this  way,  covering  height,  inoldenoe  and  thrust  veetor 
angle  variables  and  it  was  notloed  that  it  was  possible  to  obtain  a good  approximation  to  vhe  data  by 
two  straight  lines  as  shown  in  fig.  6.  The  lift  could  thus  be  expressed  as:- 

Cr  = CLi  ♦ K C .,  below  C ',  termed  the  'high  speed'  region 

mad  *■  t M3  MJ 

CL  * ♦ K ^ C * + (C^-C^*),  Rb°Te  CMJ'  and  termed  the  'low  speed'  region 

Transforming  to  L/Tj  terms : - 


LI  CL  “ CLA 
TJ1  C„, 


■ K in  the  'high  speed'  region,  i.e.  constant  lift  loss, 


U ct  - CL.  c * 

= — j ■ ■ * K * (K  -K  ) in  the  1«  speed  region. 

TJ  c„«  • 1 » C.,4 


When  1/C.jj  * 0 i.e.  No  * 0;  Ljg/Tj  * K . K is  thus  the  tero  forward  speed  hover  lift  loss  which 
therefore  re-asserts  Itself  as  a featuri  of  Che  presentation. 
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7 •hot*  th*  Lj/TJ  fora  and  the  definition  of  K and  K . Referring  again  to  Fig*  6,  there  does 
not  appear  In  general  to  be  a very  eharp  change  In  eloped  the *0^  ▼ Cuj  graph*  at  C/jj  = C^j',  euoh 
that  there  could  be  aaid  to  exlat  a critical  throat  coefficient,  but  the  conoept  of  nay  wall  be 
uaeful  aa  the  baaia  of  a data  correlation  method  whloh  relate*  C^j'  and  K to  the  configuration  variable*. 
Ljj/TJ  * and  could  be  predicted  from  other  aouroe*.  1 

Figure  7 ahowa  th*  aaae  run  data  plotted  in  interference  terms  aa  Lj/TJ  and  Clj  agalnat  l/C„«,  with 
the  data  fitted  by  th*  asms  equation  of  fig.  6.  Inspecting  the  'high  apeed'  end  in  tense  of  Lx/Tj  it 
appear*  that  th*  linear  fit  giving  a constant  value  of  Lj/Tj  is  not  particularly  good.  In  general, 
from  th*  inspection  of  a wider  range  of  data,  it  la  dear  that  Lj/'TJ  la  not  constant  above  C^j'. 

However  inspection  in  terms  of  Clj,  which  is  more  meaningful,  reveals  that  this  ia  not  an  unreaaonable 
approximation.  Th*  Lj/TJ  presentation  magnifies  what  ia  really  only  a relatively  small  variation  in  C^j. 

The  significance  of  lift  loas  for  this  case  is  ahown  in  the  preientation  of  the  lower  part  of  fig.  7 
where  the  total  lift  ia  plotted  with  and  without  th*  Jet  interaction  term.  Note  th*  non-sero  origin 
of  this  graph.  The  l/Cj|j  scale  la  also  marked  in  full  seal*  speed  In  knot*  assuming  an  approximately 
aonlo  Jet  efflux  velocity  and  a relatively  high  wing  loading  (500  kg/m1  or  100  lb/ft1).  It  is  interesting 
to  not*  that  without  lift  losses,  the  total  lift  equals  the  thrust  at  about  90  kta  whereas  with  the  lift 
loss  this  does  not  occur  until  about  160  kta.  In  the  application  of  such  data  to  performance  studies 
euoh  aa  S.T.O.  capability,  one  needs  to  look  at  tunnel  results  covering  all  relevant  variables  such  as 
height  above  ground,  alroraft  attitude.  Jet  vector  angle,  wing  configuration  and  the  influence  of  looal 
geometry  suoh  as  nossle  to*  angle,  nostle  exit  shape,  fuselage  strokes,  external  stores  eto.  A 
discussion  on  th*  effect  of  all  these  variables  is  beyond  the  scop*  of  this  paper  but  aome  of  th*  major 
effects  of  Jet  locations  are  discussed  in  subsequent  sections. 

In  further  considering  the  value  of  the  linear  v fit  as  a correlation  basis,  it  is  necessary 


VECTORED  CRUISE  t LIFT  ENGINE  MODEL  FIC.7 

CONFIGURATION  A5  FIGURE  6- 
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to  to  at  tho  quality  of  fit  against  a rang*  of  other  configurations.  Figure  8 is  an  example  of  ons 
other  configuration,  a N.A.S.A.  investigation  of  a nodal  of  ths  Kestrel  (Rarrier  prototype)®.  This 
exanple  has  been  ohossn  beoause  the  tests  cover  Jet  rector  angles  from  0°  to  90°  (propulsion  to 
hover)  and  sons  of  the  testing  was  oarried  out  at  highsr  velocity  ratios,  up  to  Mo/Mj  ■ 1.0,  appropriate 
to  cruise  rather  than  transition  flight. 

Figure  8 shows  a plot  of  v for  the  condition:-  out  of  ground  effect,  a = 0°,  8p  > 0°,  tail 
on,  for  a range  of  nostle  angles,  Sr, of  0°,  65°  and  95°.  Ths  full  range  of  fy.  is  shown  on  the  min 

plot  and  the  high  speed  end  of  the  range  is  shown  to  a larger  soale  on  the  inset  plot.  A linear  fit 

has  been  inposed  to  all  the  variables  of  this  presentation  l.e.  Cj,  v Cjm  in  both  the  'high  speed*  and 

'low  speed'  regiaes,  the  variation  at  with  t^,  and  the  variation  of  Cpj*  with  8^.  It  appears  that 

the  linear  fits  are  quits  reasonable. 

These  results  also  reveal  a number  of  other  interesting  features:-  firstly  it  is  notloed  that  there 
is  a loss  of  lift  at  tj)  ■ 0,  i.e.  in  the  propulsive  node,  relative  to  the  power  off  oonditlon.  The 
B.A.C.  nodel  at  figure  13  also  has  these  characteristics,  which  appear  to  be  typical  of  axrangenents 
which  have  nossles  olote  up  under  the  wing.  The  loss  of  lift  arises  froe  the  aooelerated  flow  on  the 
lower  surface  of  the  wing  near  the  wing  root,  which  in  turn  is  thought  to  be  associated  with  jet  entrain- 
ment and  blockage  effects.  This  loss  of  lift  ooours  at  all  speeds. 

The  slopes  of  ths  'low  speed'  lines,  K , give  ths  hover  lift  loss  values.  Fron  Fig.  8 thebe  are 
8.9^,  4.2/  and  4-.5Z  at  4^  = 95°,  65°  and  0°*respeetively.  The  value  at  95°  is  the  only  one  of  signifi- 
cance and  seens  to  be  quite  typieal.  It  is  interesting  to  note  that  the  « 0 case  gives  the  highest 

value,  but  this  does  not  seen  to  have  any  practical  slgnif loanoe. 

Looking  at  the  inset  graph  the  'high  speed'  losses  can  be  inspected  in  greater  detail.  Since 
the  experimental  data  has  been  carried  out  up  to  Mo/Mj  ■ 1.0  there  is  a good  cover  of  data  in  this 
reglae.  A shallow  curve  would  be  a better  fit  but  a straight  line  is  quite  good  after  only  a very 
snail  change  to  the  'power  off'  value.  Quite  apart  fron  the  data  correlation  consideration,  this  'high 
speed'  regime  data  is  of  practical  interest  in  the  context  of  thrust  vectoring  for  manoeuvre  at  high 
subsonic  speeds.  In  ths  application  of  this  data  to  the  high  speed  oonditlon  it  should  be  noted  that 
the  tests  were  performed  in  a low  speed  tunnel,  suoh  that  at  Mo/Mj  = 1.0,  Mo  and  Mj  were  of  the  order  of 
0.3,  hence  no  compressibility  effects  are  inoluded.  In  the  application  of  the  data  in  both  high  and 
low  speed  regiaes  it  saist  be  remembered  that  area  ratio  S/Aj  is  an  important  parameter  in  determining 
the  magnitude  of  the  losses  (see  figure  5).  This  model  has  a value  of  16.7  which  seems  very  low.  The 
data  may  not,  for  example,  be  too  representative  of  operational  Harrier. 

Sinoe  there  are  lift  losses  at  « 0°  relative  to  the  power  off  condition,  it  could  be  argued  that 
in  the  oontext  of  lift  available  for  manoeuvre  by  thrust  vectoring  the  datum  should  be  the  power  on 
Ijf  ■ 0°  condition,  not  the  'power  off'  oonditlon.  Clearly  lift  losses  cannot  bs  ignored  in  either  the 
low  or  high  speed  applications. 

LIFT  LOSSES  IN  TRANSITION  AND  LRUI5E  FtlOHT  F i t.  8 
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Returning  again  to  jet  fan  and  aft  location  affect*,  the  result*  shown  on  figure  9 have 
been  taken  from  part  of  the  study  of  the  aerodynaaios  of  the  'lift  plus  lift/ oruise'  ooncept.  This 
figure  looks  at  pairs  of  jet  nossles  and  illustrates  well  the  ides  that  the  'further  aft  the  better', 
froa  the  lift  interaction  point  of  view.  It  has  to  be  reneabered  of  eoura*  that  there  are  mary 
other  consideration*  and  alio  that  this  la  oonstant  incidence  data,  i.e.  does  not  conaidar  the  lift 
capability  froa  changing  wing  camber  and  incidence.  In  this  study  the  forward  lift  jets  are  in  tandem 
and  these  give  lower  lift  losses  away  from  ground  effect  than  the  slde-by-aid*  case.  The  rear  pairs 
(vectored  cruise  nossles)  are  placed  aide  by  eide  in  the  belief  that  as  the  jet  looation  non*  rearward 
the  Interaction  will  eventually  become  favourable  and  that  when  this  occurs  the  effect  will  be  amplified 
by  a lateral  spread  of  the  jets.  Figure  10  shows  this  latter  point  rather  better.  The  top  curve  la 
far  a rear  pair  only  and  some  small  amount  of  lift  augmentation  does  occur  above  Mo/Mj  * 0.1.  This 
is  rather  better  than  the  example  of  Fig.  9,  due  to  the  fuselage  side,  rather  than  fuselage  base. 
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location  of  th#  Jot*.  Putting  both  lift  and  lift/oruia*  pairs  onto  th*  airoraft,  as  on*  hat  to,  to 
tria,  th*  relative  merits  of  various  combination*  oan  b*  aeon.  J*t  efflux  angle  and  ground  *ff#ot 
oan  change  th*  lift  loss**  considerably  and  a Tory  much  broader  rim  would  haw*  to  b*  taken  in  choosing 
a layout  than  is  oomreyed  by  this  one  example , but  it  does  show  that  there  i*  a one  soope  for  optimisation. 
Th*  bottom  cure*  of  this  figure  has  been  taken  from  tests  on  a B.A.C.  model  with  four  T*etoring  nossles 
in  the  style  of  th*  Psgasus/Harrier  but  not  similar  in  any  detailed  respect. 

Th*  following  figures  (11,  12)  are  taken  from  V/STOL  tunnel  tests  on  models  built  as  part  of  a 
jet  lift  transport  study  carried  out  in  the  1 960-1966  period.  They  hare  been  selected  because  they 
show  some  interesting  jet  loeation  effects  in  addition  to  the  fore  and  aft  location  considerations 
already  discussed.  Th*  first  of  these,  Fig.  11,  shows  the  difference  between  locating  the  lift  jets 
along  th*  swept  leading  edge  compared  with  a tandem  layout,  on  a low  aspect  ratio  swept  wing  transport. 

Th*  increased  lift  loss  in  the  former  case  is  quite  significant.  Again  this  data  la  for  the  out  of 
ground  affect  condition,  with  lift  jets  normal  to  the  freeatream  (configuration  typical  of  the  start 
of  transition  from  VTO).  This  data  is  presented  here  in  the  ▼ C^j  form  to  test  again  the  dual 
linear  approximation  idea.  Fig.  11  also  shows  results  from  another  model  in  this  low  aspect  ratio 
transport  study  family,  where  it  is  clear  that  th*  dual  linear  fit  approximation  would  be  poor.  On 
this  model  it  was  possible  to  move  the  lift  engine  pods  spanwise  and  the  result  of  so  doing  is  quite 
appreciable,  such  that  with  the  pods  near  the  wing  tip  the  losses  are  approaching  insignificant 
proportions.  Finally,  Fig.  12  is  drawn  from  a more  conventional  high  aspect  ratio  transport  configuration, 
and  the  lift  losses  out  of  ground  effect  are  almost  negligible.  These  latter  results  are  shown  as  a 
function  of  height  above  ground  as  well  as  thrust  coefficient.  At  1;  spans  above  ground  the  model  is 
clearly  outside  the  ground  influence. 


3.3  Ground  effect  in  hove:-1  and  at  forward  speed 

Remaining  with  Fig.  12,  ground  effect  is  seen  to  be  favourable  in  this  case,  but  it  is  inter- 
esting to  note  how  rapidly  the  effects  will  fall  off  with  the  initial  rise  away  from  undercarriage 
height.  Ground  effects  are  not  always  favourable  but  they  always  fall  off  rapidly  with  the  initial 
Increase  in  height. 

Fig.  13  shows  some  ground  effeot  results  for  the  four  vector  nostle  configuration  of  Fig.  10. 

In  hover  (Mo/MJ  * 0)  the  lift  losses  are  larger  in  ground  effeot  than  away  from  ground  but  as  th* 
forward  speed  increases  the  trend  is  the  other  way.  Cross  plotting  against  Mo/Mj  at  h/b  = 1.5 
(out  of  ground  effeot)  and  hA  * 0.3  (in  ground  effect)  a larger  lift  loss  at  low  speeds  and  a smaller 
dependency  on  forward  speed  is  evident.  These  characteristics  are  found  to  be  quite  comion  anx  4,. 
the  fuselage  mounted  engine  arrangements,  but  quite  different  from  the  pod  type  of  Fig.  12.  In  general 
ground  effaots  at  forward  speed  are  the  most  difficult  to  understand  and  have  also  been  th*  cause  of 
many  re-appraisals  of  ground  simulation  technique,  following  unrepeatable  or  inconsistent  trends  in  test 
data.  There  is  however  sons  hope  that  knowing  or  being  able  to  prediet  the  sero  forward  speed  ground 
effect,  it  will  be  possible  to  correlate  th*  forward  speed  effects. 

The  s*ro  forward  speed  condition  appropriate  to  VTGL  could  be  described  as  two  separate 
studies,  vis:-  the  ’out  of  ground',  and  the  ground  effects.  Away  from  ground  the  lift  interaction  is 
negative  without  exception  but  usually  small,  of  the  order  of  5>.  In  ground  effect  th*  Interaction 
can  be  relatively  large  negative  or  positive  depending  on  configuration.  This  is  well  illustrated  by 
Fig.  14  taken  from  a hover  study  on  a proposed  8 lift  Jet  VTOL  ocabat  aircraft.  These  trends  are 
to-day  quit*  well  known  if  not  fully  understood,  yet  in  1961  when  they  were  obtained  they  were  suffic- 
iently novel  and  interesting  to  provide  some  of  th*  impetus  for  further  study.  Recently  attempts  hav* 
been  mad*  to  produce  an  empirloal  relationship  which  will  approach  th*  trends  of  suoh  date.  The  method 
is  based  on  the  single  jet  correlation  of  W, ystt?  whleh  gives  increasing  lift  loss  with  reducing  height 
and  pradiots  only  those  oases  with  closely  spaced  j*ts  which  approach  the  single  jet  condition.  An 
additional  term  to  aocount  for  th*  lift  augmentation  effeot  of  multiple  jets  whioh  hav*  sea*  surface 
area  b*tw*«n  them  is  required.  This  term  is  analogous  to  a partial  peripheral  jet  condition  l.e.  a 
weak  ground  oushion;  but  still  requires  muoh  further  study.  Th#  complete  axpression  proposed  would 
take  the  form:-  Ljq/TJ  * LjjTJ  * (^l/Tj)SUCK  DOWN  * ^^^AUMBNTATION 

where  Ij^Tj  is  th*  out  of  ground  value. 
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A end  B ere  evaluated  by  lyatt^,  D haa  been  ohoeen 
■ 2 and  C la  defined  ae  the  produot  of  a maker 
of  terns  oolleotlvely  called  the  'Augmentation 
Function'.  All  theee  terns  are  functions  at  the 
spacing  at  the  jets  or  the  area  or  perimeter 
enoompassed  by  then. 

Development  along  these  lines  has  not  so  far 
revealed  a worthwhile  formulation.  Tbe  reasons 
for  this  night  be  partly  explained  if  the 
augmentation  effeot  is  not  entirely  a cushion 
formed  by  the  outeard  turning  at  the  Jets,  as  in 
the  Air  Cushion  Vehlole  oase,  but  also  oomprises 
pressures  from  the  lzmard  turning  part  of  the  Jets 
being  deflected  upwards  from  the  ground  and  impac- 
ting on  the  lower  surface. 

In  ground  effeot  in  particular  the  characteri- 
stics are  very  sensitive  to  local  geometry  in  the 
region  of  the  nottle  exits.  An  example  of  thle  is 
shown  in  Figure  15  which  deplots  some  sero  forward 
speed  results  from  another  model  in  the  low  aspect 
ratio  transport  study.  This  model  had  12  lift 
engines  represented  by  oompressed  air  ejector  units 
giving  both  Jet  and  intake  flow.  In  this  example 
it  is  the  effect  of  jet  floss  at  sero  croas  flow 
that  are  being  studied.  Vertical  atrakee  were 
added  either  side  of  the  two  rows  of  exit  nosslea 
on  the  lower  fuselage  running  the  full  length  of 
the  nottle  row.  It  was  hoped  that  theee  would 
improve  the  ground  cushion  effeot  in  hover  and 
possibly  also  at  low  forward  speed.  Two  strain 
depths  were  used,  half  and  full  Jet  diameter.  The 
effect  is  not  entirely  what  was  expeoted.  A larger 
ground  effeot  cushion  is  a .clewed  but  there  is  an 
unexpected  and  serious  increase  in  the  lift  loss 
out  of  ground.  This  was  not  understood  and  led 
to  some  fundamental  experiments  being  oa tried  out 
to  determine  whether  cr  not  the  improvement  of 
ground  effect  characteristics  was  necessarily 
associated  with  a deterioration  in  the  out  of 
ground  effeot  losses.  The  second  part  of  Fig.  15 
shows  that  it  is  not  necessarily  the  ease,  and 
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indi  cats g that  extending  the  strakes  well  beyond  the  jet  could  be  the  way  to  laprore  the  altuatlon. 


Theee  reeulte  alao  ehow  another  feature  of  the  out  of  ground  effect  hover  lift  loae  which  aerlta 
attention.  It  la  often  aaauned  that  the  lift  loae  la  linear  with  the  thruet  l.e.  Lj</TJ  * oonatant. 
Thle  la  eh  own  here  not  to  be  quite  true,  end  a email  reduction  in  proportional  lift  loae  ocoura  aa 
the  thruet  la  lnereaaed.  Thle  behaviour  la  in  aome  way  aaaodated  with  the  changing  propertiea  of 
the  Jet  and  henoe  ita  entrainment  characteristic.  A nore  detailed  dleoueslon  of  this  feature  oan 
be  found  In  reference  10. 


4.  CONCLUSIONS 

A glimpse  at  the  lifting  oharaoteristiea  of  Jet  lift  airoraft  has  bean  given,  eufflcdent  to 
Indicate  the  many  varlablea  involved  which  have  some  bearing  on  the  behaviour  and  choice  of 
configuration. 

Slnoe  there  la  much  scope  for  loss  of  lift  and  vary  little  for  gain  or  augmentation,  the 
merits  of  jet  lift  when  compared  with  alternative  methods  which  have  greater  augmentation  potential  sure 
no'  obvious  but  it  seems  that  volume,  weight  and  simplicity  are  points  which  smy  favour  a jet  lift 
solution. 


Aooepting  that  dlreot  lift  solutions  will  continue  to  be  studied  for  oertaln  specifications  It 
la  Important  that,  having  learned  something  about  the  jet  anl  wing  interactive  effects,  the  task  of 
quantifying  the  knowledge  ahould  be  puraued  so  that  it  can  be  used  to  Improve  the  design  of  future 
aircraft.  If  the  data  oan  be  expressed  in  a relatively  simple  form,  yet  give  a reasonably  broad 
coverage,  it  will  beoome  another  important  package  In  the  overall  aircraft  synthesis  proeesa,  used 
in  the  optimisation  and  performance  prediction  of  future  projects. 

This  paper  ha  a attempted  to  show  that  a modest  start  to  this  task  has  been  mads.  Progress  has 
been  slow  beoause  of  the  oomplsxity  of  the  problem  which  results  from  the  non-linear  relationships 
between  the  many  variables  involved.  Also  it  must  be  remembered  that  much  of  the  effort  that  has 
been  devoted  to  the  subject  over  the  last  deoads  has  been  channelled  into  wind  tunnel  technique 
development  of  a complex  and  specialised  nature.  This  technique  work  still  occupies  a large  proportion 
of  find  Tunnel  effort  and  it  has  increasing  application  to  propulsion  studies  on  conventional  aircraft 
in  the  oontext  of  engine  external  flow  simulation. 


I 


24-12 


BXPXRXNCXS 

1.  L.J.S.  Bradbury 
and  M.N.  food 


2.  J.M.  Wad* 
and  K.  Hall 


J.  G.H.  Gall* 

and  f .A.  Martin 


4.  R.D.  Vogler 


5.  A.M.  Thompson 


6.  L.J.3.  Bradbury 

7.  J.J.  Hargreaves 
and  D.C.  foaaraley 


8.  R.  J.  Margason 
R.D.  Voglar 

and  M.M.  Winaton 

9.  L.A.  Wyatt 


10.  A.D.  Haaaond 


Tha  Static  Praaaura  Distribution  around  a Circular  Jat  exhausting 
noraally  froa  a Plana  fall  into  an  alratraaa. 

E.A.B.  Taoh.  Kota  Aaro.2978  Auguat  1964 

Praliainary  raaulta  froa  Taata  on  a Jat  iaauing  froa  a plana  wall  in 
tha  18  ft  V/STOL  facility. 

B.A.C.  farton  find  Tunnel  Report  AXR.1  November  1963 

i.n  experiaental  inveatigation  of  tha  floe  field  about  a aubaonio  Jet 
exhausting  into  a quiaaoant  and  low  velocity  alratraaa. 

Canadian  Aeronautioa  and  Spaoe  Journal  Vol.  12  No.  8 October  1966 

Surfaoe  preiaure  diatributiona  induoed  on  a flat  plate  by  a oold  air 
jet  iaauing  perpendicularly  froa  the  plate  and  normal  to  a low  a peed 
freeatreaa  flow. 

N.A.S.A.  TN.D-1629  March  1963 

The  flow  induoed  by  Jeta  ezhaueting  noraally  froa  a plane  wall  into  an 
airatreaa. 

Ph.D.  Theaia.  Imperial  College  Septenfcer  1971 
Onpubliehed  note  on  the  'Similarity  Law'  1968 

An  experiaental  inveatigation  of  the  aerodynamic  forces  on  winga  with 
lifting  jeta.  Poroe  model  taata  at  R.A.I.  Pamborough. 

B.A.C.  farton  find  Tunnel  Report  AXR.13  1966 

find  Tunnel  Inveatigation  at  Low  Speeda  of  a Model  of  the  Keatrel 
(XV-6A)  Vectored  - Thru  at  V/STOL  Airplane. 

NASA  TN.D  6826  July  1972 

Static  taata  of  ground  affeot  on  planforaa  fitted  with  a centrally 
looated  round  lifting  jet. 

RAX  Aero.  Tech.  Note  2826  June  1962 

Thruat  Losses  in  Hovering  for  Jet  VTOL  Aircraft. 

Paper  12  NASA  SP  116  April  1966 


REQUIREMENT  FOR  SIMULATION  IN  V/STOL  RESEARCH  AIRCRAFT  PROGRAMS 

Hervey  C.  Quigley  and  Curt  A.  Holzhauaer 
Ames  Research  Center,  NASA 
Moffett  Field,  California  94035 


Because  piloted  simulation  has  proven  to  be  effective  in  establishing  needed  criteria  throughout  most  of  the  stages  of  research 
aircraft  development,  simulation  has  become  an  integral  part  of  NASA  research-aircraft  programs.  The  general  stages  of  program 
development  are;  conceptual  design  studies,  preliminary  design,  detailed  design,  manufacturing  and  ground  test,  preflight  planning,  and 
research  flight  test. 

Two  current  V/STOL  programs  in  which  simulation  is  playing  an  essential  role  are  (1)  the  development  and  flight  research  of  the 
Augmented  Jet-Flap  STOL-Research  Aircraft  and  (2)  design  studies  of  advanced  VTOL  research  aircraft.  For  VTOL  aircraft,  periods  of 
simulation  were  scheduled  during  the  conceptual  design  phase  only;  for  STOL  aircraft,  periods  were  scheduled  throughout  the  program. 
The  simulation  studies  proved  significant  in  helping  establish  criteria  for  the  aircraft  design  and  in  facilitating  the  study  of  problems 
associated  with  new  flight  profiles,  new  methods  of  control,  and  S 'xial  emergency  conditions. 

1.  INTRODUCTION 

The  aviation  industry  has  long  recognized  the  essential  role  that  simulation  plays  in  the  development  of  aircraft,  from  conceptual 
design  studies  to  the  training  of  operational  pilots.  Many  aspects  of  aircraft  simulation  were  covered  in  a general  discussion  at  the 
1970  AGARD  Symposium  on  Simulation  (ref.  1). 

Although  NASA  has  used  a flight  simulator  in  aircraft  research  for  many  years,  only  recently  did  simulation  become  an  integral 
part  of  NASA  research-aircraft  programs.  This  paper  discusses  the  role  of  simulation  in  two  current  V/STOL  programs:  (1  > the 
development  and  flight  research  of  the  Augmented  Jet-Flap  STOL-Research  Aircraft  and  (2)  design  studies  of  advanced  VTOL-research 
aircraft.  Included  is  a discussion  of  the  simulators  that  were  used,  the  timing  of  simulation  in  the  programs,  the  development  of  the 
mathematical  models,  and  the  significant  results  obtained. 

The  mar*  defthJitoni- dl  aireta*t  simuJilia’.  require  ttw  esv  specify  our  use  of  The  Ifetn.  ir  4hfi  paper  By  ^simuUtijr,"  ie>  mean 
the  computer  simulation  of  he  response  and  operational  characteristics  of  an  aircraft,  with  the  computer  under  the  control  of  a pilot 
who  uses  aircraft-type  controls  in  a flight  simulator. 

The  unavailability  of  design  criteria  and  operational  experience  in  V/STOL-research  aircraft  requires  the  use  of  a flight  simulator  in 
most  phases  of  V/STOL  research  and  development  programs.  Simulation  has:  (1)  provided  design  criteria,  (2)  greatly  reduced  the  risk  in 
flight  testing,  (3)  enabled  project  pilots  to  participate  in  establishing  the  required  criteria  and  defining  the  scope  of  flight-test  missions 
at  earlier  stages  of  the  program  than  would  otherwise  have  been  possible,  (4)  greatly  reduced  the  time-to-completion  of  the  project,  and 
(5)  significantly  reduced  overall  program  costs. 

2.  SIMULATION  REQUIREMENTS 
2.1  Purpose  of  simulation 

Table  1 lists  the  program  phases  and  simulation  purposes  of  each  phase.  This  type  of  development  plan  assumes,  of  course,  that 
there  is  an  adequate  data  base  to  initiate  the  program. 

Table  1.  Purpose  of  Simulation 
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2.2  Simulator 


At  Ames  Research  Center,  we  have  several  excellent  motion-flight  simulators  for  use  in  V/STOL  research -aircraft  programs. 
Figure  1 shows  the  r 'ight  Simulator  for  Advanced  Aircraft  (FSAA),  which  was  used  for  most  of  the  simulations  discussed  in  this  paper. 

The  FSAA  is  an  advanced  6-degree-of-freedom  motion  simu 
lator  with  a large  transport-aircraft  cockpit.  In  particular,  the 
large  rotational  and  translational  displacements,  ±15.2  m (50  ft) 
for  lateral  motion,  provided  realistic  motion  cues.  The  cockpit 
flight  deck  can  be  equipped  with  instruments  and  control  levers 
to  match  the  aircraft  to  be  simulated.  Realistic  pilot  flight- 
control  focces  and  gearing  are  generated  by  the  control  force 
feel  analog-computer  system.  A color -television  display  provides 
the  pilot  with  a 3-D  scalemcjc!  Ic.-.uscape.  The  landscape 
model  includes  an  airport  w.th  a conventional  runway  and  a 
457.2-m  (1500  ft)  STOL  rrnway.  An  aircraft- engine  noise 
generator  can  be  used  to  give  proper  aural  cues. 


Fig.  1 Flight  Simulator  for  Advanced  Aircraft  (FSAA). 
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Figure  2 is  a schematic  diagram  of  the  FSAA  simulation 
system.  The  central  computing  unit  of  the  simulation  system  is 
a large-capacity  digital  computer  that  processes  the  programmed 
mathematical  model  of  the  airplane.  In  response  to  control 
commands  from  the  cockpit  and  to  simulated  atmospheric  dis- 
turbances, this  central  computing  unit  calculates  the  instanta- 
neous aircraft  state  and  communicates  this  information  to  the 
motion  and  visual  drive  units.  Analog  computers  perform  the 
interfacing  between  the  signal  conditioning  functions  on  the 
incoming  control  signals  and  the  signals  sent  by  the  digital  unit 
to  the  cockpit  instrumentation  and  motion  and  visual  drive 
systems.  The  control-feel  loader  computer  is  a separate  analog 
system  that  interfaces  with  the  central  digital  computer  to  pro- 
vide control-force  tailoring  to  a range  of  flight  conditions.  A 
more  detailed  description  and  a discussion  of  the  use  of  the 
FSAA  is  presented  in  references  2 and  3,  respectively. 

2.3  Mathematical  model 
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The  mathematical  model  defines  the  specific  aircraft  for  the 
simulation.  Therefore,  the  mathematical  model  will  be  changing 
constantly  throughout  the  development  stages.  The  simulation 
mathematical  model  requirements  for  V/STOL  research  aircraft 
are  similar  to  those  presented  in  reference  4.  Table  2 indicates  the 
requirements  for  the  mathematical  model  in  each  stage  of  the 
NASA  V/STOL  research-aircraft  programs.  In  all  cases,  the  FSAA 
simulation  has  been  preceded  by  considerable  mathematical  analy- 
sis of  the  aircraft  response  and  stability  characteristics,  and,  in 
most  cases,  some  simpler  simulator  studies  were  also  performed, 
either  fixed  base  or  with  limited  motion.  The  mathematical 
analysis  that  is  required  to  define  in  detail  the  propulsion,  aero- 
dynamic, and  control  characteristics  of  the  aircraft  for  simulation 
permits  an  initial  estimate  of  the  ; ircraft  response  and  stability  to 
determine  if  there  may  be  a need  for  various  aircraft  modifica- 
tions, such  as  stabilization  systems,  failure  compensation  systems, 
n addition,  these  computations  provided  a valuable  independent  check  of  the  simulation,  since  they  were 
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Fig.  2 Schematic  diagram  at  FSAA  simulation  system. 


and  control  modifications. 

from  a completely  separate  computer  program.  The  mathematical  model  continues  to  grow  in  detail,  complexity,  and  accuracy  as  the 
aircraft  program  grows.  With  each  increasingly  complex  stage  of  aircraft  development,  the  mathematical  modeling  and  presimulation 
analyses  are  used  to  bracket  variables  and  filter  out  unneeded  simulation  tests.  The  simulation,  in  turn,  supplies  information  needed  for 
the  ongoing  testing  and  analysis. 


Table  2.  Mathematical  Model  Requirements 


Program  Phase 

Requirements 

Conceptual  design  studies 

- Estimation  of  aerodynamics  based  on  theoretical 

estimates  and  preliminary  wind-tunnel  data 

- Simplified  control  concepts 

- Estimation  of  proposed  engine  characteristics 

Preliminary  design 

- Best  predicted  aerodynamic  data 

- Preliminary  control-system  characteristics 

- Estimation  of  engine  characteristics 

Detail  design 

- Best  prediction  of  all  basic  systems 

- Preliminary  subsystems  characteristics 

Preflight  planning 

- All  systems  updated  to  best  prediction 

Research  flight  tests 

Basic  aircraft  model  corrected  to  correlate  with 
flight-measured  data 
Best  prediction  of  research  equipment 
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3.  SIMULATION  OF  THE  AUGMENTED  JET-FLAP  STOL-RESEARCH  AIRCRAF- 

3.1  Objectives 

The  Augmented  Jet-Flap  STOL-Research  Aircraft,  which  first  flew  in  May  1972,  is  a modified  deHavilland  C-8A,  Buffalo  (fig.  3). 
The  objectives  of  the  research  aircraft  program  are  to:  (1 ) determine  in-flight  aerodynamic  performance,  stability,  and  control,  as  well 
as  the  handling  qualities  of  a jet-STOL  aircraft  that  incorporates 
an  augmented  jet-flap  propulsive-lift  concept;  (2)  contribute  to  the 
development  of  criteria  for  the  design  and  operation  of  jet-STOL 
transport  aircraft;  and  (3)  provide  a jet-STOL  transport  aircraft  for 
STOL  systems  research  and  development.  The  development  of  the 
augmented  jet-flap  concept  and  the  modification  of  the  Buffalo  is 
a cooperative  research  program  with  the  Canadian  Government 
(refs.  5 and  6). 

3.2  Aircraft  modifications 


Figure  4 shows  some  of  the  dimensions  and  characteristics  of 
the  modified  aircraft  in  a three-view  drawing.  The  major  modifica- 
tions and  additions  comprise  the  following:  wingspan  was  reduced 
to  increase  the  wing  loading  to  2.39  kN/m2  (50  psf);  an  aug- 
mented jet-flap  system  was  installed  along  with  drooped  boundary 
layer  control  ailerons;  repositioned  and  redesigned  spoilers  were 
installed  in  front  of  the  drooped  ailerons;  a body  boundary-layer 
control  system  and  fixed  full-span  leading-edge  slats  were  added; 
the  T-64  engines  were  replaced  by  Rolls  Royce  Spey  (MK801SF) 
split-flow  turbofan  engines;  an  air  distribution  duct  system  was 
added  to  supply  fan  air  to  the  augmented  jet  flaps;  also  provided 
was  a lateral-directional  stability  augmentation  system  and  an 
extended  nose  boom  for  air-data  sensors.  The  lateral  control 
system  was  entirely  new  and  consisted  of  ailerons,  spoilers,  and 
augmentor  choke.  The  rudder  and  elevator  control  surfaces  are 
basic  Buffalo.  Figure  5 is  a diagram  of  the  ducting  system  which 
supplies  the  engine  fan  air  to  the  dual  augmented  flap  nozzles  and 
boundary-layer  control  ailerons.  Reference  7 includes  a discussion 
of  the  development  and  performance  of  the  modified  Spey  engine 
for  the  aircraft.  Further  description  of  the  aircraft,  engine,  and 
systems  is  included  in  references  8 and  9. 

3.3  Simulation  periods 

Figure  6 shows  the  time  schedule  for  the  development  and 
flight  research  of  the  aircraft  and  the  periods  of  simulation.  These 
periods  correspond  to  the  simulation  periods  shown  in  Table  1. 
The  timing  of  the  simulations  during  the  development  cycle  were 
somewhat  constrained  by  the  availability  of  simulation  facilities 
and  manpower.  It  would  have  been  desirable,  for  example,  to  have 
had  the  conceptual  design  simulation  performed  a few  months 
earlier  to  provide  more  time  for  analysis  and  formal  reporting  of 
the  results  before  the  requests  for  proposal  for  the  aircraft  modifi- 
cation were  issued  to  prospective  contractors.  However,  pre- 
liminary results  were  available  to  prospective  contractors.  Also, 
because  of  delays  in  completing  the  ground  tests  and  in  simulator 
availability,  the  preflight  planning  simulation  preceded  the  first 
flight  by  a greater  time  spread  than  desired.  The  pilots  did  not 
consider  the  spread  to  be  intolerable,  however. 

Simulation  efforts  in  preparation  for  the  flight  experiments 
started  many  months  before  the  flight  tests  of  these  experiments 
were  scheduled  to  begin.  The  dashed  line  on  Fig.  6 implies  several 
studies  are  being  conducted  concurrently  on  different  simulators. 
Early  efforts  are  required  because  of  the  need  to  identify  the 
requirements  for  research  equipment;  in  some  cases,  the  simu- 
lation is  a research  task  in  itself,  with  reports  being  issued  that  are 
independent  of  the  direct  application  to  the  aircraft.  The  dis- 
cussion of  simulation  as  part  of  research  projects  is  an  interesting 
subject,  but  is  beyond  the  scope  of  this  paper. 

The  FSAA  (fig.  1 ) was  used  for  all  phases  of  simulation, 
except  the  conceptual  design  phase.  For  this  phase,  the  Ames 
Limited-Motion  Transport  Simulator  with  3°  freedom  of  motion 
was  used.  The  simulator  system  (fig.  2)  was  about  the  same  for 
both  simulators,  the  only  significant  difference  being  the  motion 
system.  The  cockpit  was  configured  like  the  aircraft,  with  the 
overhead  throttle  and  vectorable  thrust  lever  as  shown  in  Fig.  7. 
The  cockpit  instrumentation  was  quite  standard  with  the  addition 
of  an  angle-of-attack  and  sideslip  indicator  and  a vectorable  thrust 
nozzle-position  indicator. 


Fig.  3 Photograph  of  Augmented  Jet-STOL  Research  Aircraft. 
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Fig.  4 Three-view  drawing  of  Augmented  Jet-STOL  Research 
Aircraft. 
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Fig.  5 Engine  fan  air-distribution  system. 
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3.4  Mathematical  model  development  phases 


The  mathematical  model  for  the  aircraft  was  started  during 
the  conceptual  design  studies,  and  a simplified  model  of  the  air 
craft  was  used  for  this  phase  of  the  simulation.  Aerodynamic 
characteristics  of  the  model  were  based  on  the  results  of  a large- 
scale  model  test  in  the  Ames  40-  by  80-Foot  Wind  Tunnel,  using  a 
wing  that  was  similar  to  the  Buffalo  wing,  but  with  an  augmented 
jet  flap  (refs.  10  and  11).  In  the  initial  mathematical  model,  the 
aerodynamics  were  simplified  and  equations  written  for  the  lift, 
drag,  and  pitching  moments  characteristics.  This  representation  of 
the  aerodynamic  characteristics  was  quite  satisfactory,  but  was  not 
accurate  for  large  perturbations  from  the  nominal  conditions;  for 
example,  maximum  lift  was  not  programmed.  The  static  and 
rotary  derivatives  were  calculated,  using  available  wind-tunnel  data 
and  theory;  many  of  these  derivatives  were  also  programmed  as 
functions  of  angle-of-attack,  momentum  coefficients,  and  flap 
angles. 


In  the  subsequent  preliminary  design  phase,  the  mathematical 
model  was  updated  to  be  more  representative  of  the  proposed 
aircraft.  At  this  period  in  the  development  of  the  aircraft,  initial 
estimates  of  weight,  moment  of  inertia,  and  control-system  con- 
figuration, etc.,  had  been  identified.  The  model  was  expanded  to 
include  details  of  the  control  system,  engine  characteristics,  and 
revised  aerodynamics  characteristics.  Since  there  were  significant 
differences  between  the  wind-tunnel  model  and  the  proposed  air- 
craft wing,  the  wind-tunnel  aerodynamic  data  had  to  be  corrected 
to  account  for  the  differences  in  the  flap-chord/wing-chord  ratio 
and  aspect  ratio.  Using  basic  wind-tunnel  data,  the  lift,  drag,  and 
pitching  moments,  as  functions  of  angles-of-attack,  were  predicted 
for  five  flap  deflections  and  eight  values  of  momentum  coef- 
ficients. The  ground  effect  was  also  programmed,  based  on  the 
large-scale  wind-tunnel  data.  The  other  characteristics  of  the  aircraft  in  the  model  were  changed  to  conform  to  the  preliminary  design 
configuration.  This  simulation  mathematical  model  had  several  unique  features:  the  engine  characteristics  had  to  be  separated  into 
vectored  hot  thrust  (primary  flow),  inlet  mass  flow  (ram  drag  and  inlet  moments),  and  cold  thrust  (augmentor  and  aileron  blowing,  see 
fig.  5).  The  cold  thrust  was  converted  to  a jet-momentum  coefficient  and  distributed  along  the  span  of  the  wing  according  to  the 
independent,  dual  airducting  system.  The  wing  aerodynamics  were  also  separated  into  spanwise  segments  in  order  to  calculate  rolling 
and  yawing  moments  that  were  due  to  asymmetric  blowing.  Lateral  control  characteristics  were  described  as  a function  of  jet- 
momentum  coefficient  as  well  as  surface  deflection.  All  control  surfaces  were  described  separately  so  that  each  could  be  studied 
separately  and  system  malfunctions,  including  hydraulic  power  supply  failures,  could  be  simulated.  Reference  12  presents  the  basic 
mathematical  model  that  was  used  in  the  preliminary  and  detail  designs,  and  reference  13  presents  the  method  of  programming  that 
model  on  the  digital  computer  for  both  design  phases.  Of  course,  more  detail  and  updating  was  added  during  the  detail  design  and 
preflight  planning  phases. 


Fig.  7 Cockpit  of  FSAA  with  Augmented  Jet-Flap  Research- 
Aircraft  controls  and  instruments. 
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Fig.  8 Comparison  of  representative  aerodynamic  characteristics 
used  in  updating  mathematical  model. 


Following  the  initial  flight  tests,  the  mathematical  model 
aerodynamics  were  again  changed  to  match  the  flight-determined 
data  for  the  simulation  period  during  the  initial  STOL  flight  tests. 
The  changes  in  lift,  drag,  and  pitching  moment  for  the  three 
changes  to  date  in  the  aerodynamic  characteristics  are  illustrated 
for  one  value  of  moment  coefficient  in  Fig.  8.  Because  of  the 
limitation  on  flight  testing  at  higher  values  of  angle-of-attack,  the 
angle-of-attack  values  above  16°  shown  on  the  lower  curve  are  still 
the  predicted  values.  The  lower  pitching-moment  curve  is  also  a 
revised  estimate.  Other  changes  are  being  made  to  the  model  as 
additional  analyses  of  the  flight-test  data  is  completed. 

The  following  paragraphs  discuss  the  objectives,  items 
studied,  and  some  of  the  significant  results  obtained  in  each 
simulation  phase. 


I 
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3.5  Conceptual  design  phase 

During  the  conceptual  design  simulation,  the  main  objective  was  to  use  the  simulator  to  determine  if  the  modified  Spey  engine  and 
the  Buffalo  aircraft  could  be  successfully  combined  to  perform  the  jet-STOL  research-aircraft  mission.  Table  3 lists  the  items  studied 
and  the  results  obtained  from  the  simulation  during  this  phase  as  they  applied  to  the  development  of  the  aircraft.  Several  types  of 
controls  were  tried  on  the  simulator  for  the  control  of  the  vectored  hot  thrust.  Levers  positioned  overhead  next  to  the  throttles  were 
chosen  (fig.  7),  because  the  pilot  found  that  the  best  method  for  flight  path  control  on  the  landing  approach  was  to  keep  the  throttles 
fixed  and  use  the  vectored  thrust  for  flight-path  control.  The  pilot  would,  therefore,  use  the  throttle  and  vector-thrust  controls 
interchangeably  with  his  right  hand.  For  aborted  approaches,  the  throttles  and  nozzle  levers  are  both  advanced  forward  (thrust 
vector  angle  aft).  The  simulation  showed  that  a technique  for  transition  from  cruise  to  a steep  approach  angle  by  using  vectored  thrust, 
throttle,  and  flap  deflection,  and  from  STOL  takeoff  to  climb,  would  not  be  difficult. 

The  control  characteristics  were  found  to  be  satisfactory,  but  the  stability  was  marginal  about  all  three  axes.  It  was  found  that 
lateral-direction  stability  augmentation  would  be  highly  desirable  and  an  automatic  speed  control  would  greatly  improve  the  pilot  ratings. 
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Table  3.  Conceptual  Design  Studies  Phase:  Simulator  Results 


Item  Studied 


Vectored  thrust  com-ol 


Stability  and  control 


STOL  operational  characteristics 


Engine  failure 


Results 

1 . Position  overhead  adjacent  to  throttle 

2.  Position  command 

3.  Forward  motion  for  aft  thrust 

1.  Stability  low  about  all  axis 

2.  Stability  augmentation  required 

3.  Airspeed  control  desirable 

1.  Takeoff  conventional  with  high  rotation  rates 

2.  Approach  flight  path  control  with  vector  thrust  and 

fixed  throttle 

3.  Flare  capability  low 

1.  Takeoff  performance  marginal 

2.  Cross-over  ducting  required  to  control  failure  on 

approach 

3.  High  lift  loss  with  failure  on  approach  requires  special 

procedures.  


The  engine-out  performance  characteristics  were  found  to  the  acceptable  on  the  landing  approach,  but  a special  technique  for  recovery 
due  to  lift  loss  with  engine  failure  would  have  to  be  determined.  The  control  required  for  recovery  from  an  engine  failure  on  approach 
was  very  high  unless  cross  ducting  was  incorporated  into  the  aircraft  to  reduce  the  rolling  moments  due  to  not  only  asymmetric  jet-flap 
lift  but,  also,  the  vector  hot  thrust  which  is  at  about  90°  to  the  flight  path  on  a steep  approach.  The  engine-out  takeoff  perfoimance 
was  marginal.  The  conclusions  reached  during  the  conceptual  design  studies  were  as  follows:  (1)  the  technical  risk  of  building  the 
research  aircraft  was  low,  (2)  the  aircraft  could  perform  a variety  of  jet-STOL  research  missions,  and  (3)  development  of  the  aircraft 
should  proceed. 

3.6  Preliminary  design  phase 

Some  of  the  significant  item  studies  and  results  obtained  during  the  preliminary  design  simulation  are  listed  in  Table  4.  This 
simulation  was  conducted  jointly  by  the  contractors  and  NASA  to  allow  for  r-piu  assimilation  of  the  results  into  the  design  effort.  The 


Table  4.  Preliminary  Design  Phase:  Simulator  Results 


Stability 


STOL  operationa'  characteristics 


Engine  failure 


Augmented  flap  duct  failure 


Augmentation  required  to  improve: 
Roll  damping 
Spiral  stability 

- Turn  coordination 

- Dutch-roll  damping 


1.  Nominal  takeoff  flap  deflection  of  30°  confirmed 

2.  Nominal  landing  flap  deflection  of  65°  confirmed 

3.  Initial  takeoff  and  landing  procedures  determined 

4.  High  pilot  workload 

1.  Takeoff 

Large  change  in  climb  angle 

- Recovery  procedures  standard 

2.  Landing  approach 

- Lift  loss  requires  rapid  pilot  response  to  mini- 

mize altitude  loss 

- Flap  change  required  for  go-around 
Cross-duct  satisfactorily  minimizes  control 

requirements 


1 . Worse  failure  requires  maximum  lateral  control 

2.  Affected  engine  must  be  shut  down  to  recover 
3 Pilot  indication  required  to  identify  failure 
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objectives  of  this  simulation  were  to  help  define  the  basic  aircraft  configuration,  to  determine  design  criteria,  and  to  continue  the  study 
of  operational  characteristics.  Since  the  lateral  control  system  was  the  only  completely  new  flight-control  system  being  designed,  much 
attention  was  given  this  subject.  As  a result  of  the  criteria  established  on  the  simulator,  the  aileron  droop  could  be  defined,  control 
wheel  gearing  determined,  and  the  fuel  system  revised  to  reduce  the  roll  moment  of  inertia  and  increase  available  roll-control  power  at 
landing  gross  weights.  The  basic  Buffalo  elevator  control  system  was  found  to  be  acceptable  if  the  control  forces  were  reduced. 

Operational  characteristics  were  studied  to  confirm  the  nominal 
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takeoff-  and  landing-approach  flap  deflections  of  30°  and  65°, 
respectively.  The  engine-out  characteristics  were  studied  in  detail 
during  this  simulation.  The  three  conditions  that  are  associated 
with  an  engine  failure  in  a propulsive-lift  aircraft  are  loss  of  lift, 
loss  of  thrust,  and  asymmetrical  lateral  and  directional  control. 
The  simulation  determined  that  the  asymmetric  control  was  not  a 
problem  with  the  cross-ducting  arrangement  shown  in  Fig.  5.  But, 
the  reduction  in  fan  air  to  the  augmented  flap  system  gave  a loss  in 
lift.  Figure  9 shows  the  variation  of  flight-path  angle  with  airspeed 
for  the  nominal  two-engine  takeoff  and  landing  approach  condi- 
tions and  for  single-engine  performance  with  emergency  power  on 
the  remaining  engine.  In  takeoff  (flaps  30°),  the  lift  loss  was  found 
to  be  insignificant,  but  the  engine-out  climb  angle  was  reduced 
from  14°  to  1.8°.  A 1.5°  climb  was  considered  minimum  with  one 
engine.  In  the  landing  approach,  the  lift  loss  was  quite  significant, 
resulting  in  a loss  of  altitude  below  the  approach  path  and  an 
increase  in  airspeed.  To  minimize  the  altitude  loss,  a special  tech- 
nique was  required.  After  recovery,  the  pilot  could  elect  either  to 
continue  the  approach  at  a slightly  higher  airspeed  or  perform  a 
go-around.  A go-around  at  most -gross  weights  required  a reduction 
in  flap  deflection  to  achieve  a positive  rate  of  climb. 


Fig.  9 Variation  of  flight-path  angle  with  airspeed  for  takeoff 

and  landing  configurations.  Stability  augmentation  system  criteria  was  also  determined 

for  the  aircraft,  along  with  criteria  for  structural  and  hydraulic 
system  designs.  Because  some  simulated  augmented  duct  failures  could  result  in  aircraft  motions  that  were  difficult  to  control,  the 
requirement  for  conservative  duct  design  was  established. 


3.7  Detail  design  phase 

The  simulation  during  the  detail  design  phase  (Table  5)  was  essentially  a continuation  of  the  previous  simulation.  Specific 
attention  was  given  to  the  augmentor-flap  duct  failures.  The  preliminary  design  simulation  had  established  the  requirement  for  an 
increased  safety  margin  for  the  ducts;  the  detail  design  phase  examined  methods  for  providing  indications  of  duct  failure  to  the  pilot  so 
that  he  could  establish  a procedure  for  recovery.  There  could  be  very  large  rolling  moments  associated  with  some  duct  bursts.  It  was 
found  that,  if  the  pilot  were  warned  which  duct  had  failed,  he  could  shut  that  engine  down  and  satisfactorily  control  the  airplane  with  a 
duct  burst.  A similar  indication  was  studied  for  engine-out,  but  was  found  not  to  be  required. 


Table  5.  Detail  Design  Phase:  Simulator  Results 


Items  Studied 

Results 

Lateral  control  system 

1. 

Nonlinearities  in  control  system  not  acceptable 

2. 

Redesign  required  to  make  linear 

Stability  augmentation  system 

1. 

Determined  optimum  gains 

2. 

Determined  authority 

3. 

Hardover  failures  controllable 

4. 

Gain  changes  required  with  flap  deflection 

Augmented  flap  duct  failure 

1. 

Duct  failure  indication  light  and  pressure  gauges  for 
each  duct  required  by  pilot 

2. 

With  indication,  duct  failures  controllable  by  shutting 
down  affected  engine 

Engine  failure 

1. 

No  indication  required 

2. 

Procedures  can  be  developed  for  control 

General 

Design  considered  satisfactory 

The  final  configuration  of  the  lateral  and  directional  Stability  Augmentation  System  (SAS)  is  shown  in  Fig.  10.  The  lateral  SAS 
includes  roll-rate  feedback  to  lateral  control  to  improve  the  roll  damping  that  results  from  the  large  increase  in  roll  moment-of-inertia 
and  reduced  span.  Also,  yaw-rate  feedback  was  required  to  stabilize  the  spiral  mode,  and  lateral  control  feed  forward  was  included  to 
quicken  the  lateral  control  near  zero  wheel  deflection.  In  the  directional  axis,  roll  angle  and  yaw  rate  were  fed  back  to  rudder  deflection 
to  improve  Dutch-roll  damping  and  roll-rate  feedback  for  turn  coordination.  Satisfactory  handling  qualities  were  obtained  by  changing 
the  gain  with  flap  deflection  and  by  adding  an  airspeed  switch  to  disconnect  both  systems  at  100  knots.  Reference  14  contains  a further 
discussion  of  the  preliminary  and  de’ail  design  simulation  phases. 
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The  items  studied  and  results  obtained  during  the  preflight 
planning  simulation  are  listed  in  Table  6.  The  main  objectives 
of  this  simulator  effort  were  to  rl<**srmine  operational  and  emer- 
gency procedures  to  be  used  in  trie  early  flights  of  the  aircraft,  to 
give  pilots  the  experience  on  the  simulator  of  "flying"  under  these 
conditions,  and  to  identify  the  limits  to  be  used  in  the  flight-test 
program.  Since  the  first  flights  would  not  be  in  the  STOL  mode, 
specific  attention  was  given  to  the  more  conventional  mode  of 
flight,  as  well  as  to  the  STOL  mode.  During  this  simulation  period, 
all  four  of  the  project  pilots  plus  the  contractor  pilots  "flew" 
under  conditions  that  covered  the  complete  flight  operational 
envelope  of  the  airplane  and  the  following  emergency  conditions: 


Takeoff  and  landing  engine  failures 
Hardover  stability  augmentation  failures 
Vectored  thrust  nozzle  failures 
Augmentor-flap  duct  failures 
Hydraulic  system  failures 
Aborted  takeoffs  and  landing 
Minimum  speed  with  a failed  engine 
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Since  the  ground-effect  data  used  in  the  mathematical  model  yAWRATeI*  I I 

was  of  doubtful  accuracy,  the  simulation  program  also  included  a 2.5S  -\-|0.40|--^ 

range  of  lift  loss  with  height  above  the  ground.  With  the  highest  (2.5S+IH.25S+I)  \ • 

estimate  for  lift  loss  with  height,  the  pilots  found  that  the  flare  in  0-TYPE  DAMPING 

STOL  approaches  resulted  in  poor  flares  with  high  sink-rate  at 

touchdown,  while  the  low  values  were  marginally  satisfactory.  The  ® Lateral  and  directional  stability  augmentation  system, 

simulation,  therefore,  studies  a flight-test  procedure  for  progres- 
sively increasing  the  STOL  approach  angle  from  -3°  up  to  the 

desired  -7.5°  during  the  initial  STOL  landings  to  avoid  any  high  sink-rate  landings.  All  the  pilots  who  participated  in  this  final 
simulation  before  the  airplane  flew  concluded  that  the  airplane  was  operationally  airworthy  as  simulated. 
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Fig.  TO  Lateral  and  directional  stability  augmentation  system. 


Table  6.  Preflight  Planning  Phase:  Simulation  Results 


Items  Studied 


Conventional  takeoff  and  landing 


STOL  operational  characteristics 


General 


1 . Conventional  takeoff  and  landings  to  be  used  on  first 

flights 

2.  Takeoff  flap  deflection  25° 

3.  Landing  flap  deflection  30° 

4.  Engine  out  performance  and  control  satisfactory 

1 . Procedu  res  establ  ished  for 

- Takeoff 

- Transition 

- Approach 

- Landing 

- Engine  out  on  takeoff 
Engine  out  on  approach 

- Duct  failure 

- Stability  augmentation  failure 

- Hydraulic  system  failure 

- Aborted  takeoff 

- Aborted  landing 

2.  Flares  difficult  with  lift  loss  in  ground  effect 
Aircraft  ready  to  start  flight  tests 


3.9  Research  flight  tests 

It  was  quite  gratifying  to  those  on  the  ground  at  the  first  flight  of  the  airciaft  on  May  1,  1972,  at  Seattle,  Washington,  to  hear  The 
Boeing  Company  test  pilot  state  that  the  airplane  flew  in  a more  conventional  flight  mode,  "just  like  the  simulation."  Subsequent 
flights  demonstrated  that,  in  most  respects,  this  is  also  true  >n  the  STOL  mode. 

The  lift  characteristics  determined  in  flight  were  somewhat  lower  than  predicted,  as  shown  by  the  lower  curve  of  Fig.  8.  These  data 
are  only  for  a jet  momentum  coefficient  (Cj)  of  0.6  and  65°  flap  deflection.  The  agreement  between  flight  and  predicted  lift 
characteristics  was  better  as  Cj  was  reduced.  The  effect  of  this  difference  is  that  a 2°  to  3°  higher  angle  of  attack  is  required  for  a given 
airspeed.  It  is  not  known  at  this  time  whether  the  difference  is  due  to  performance  of  the  augmented  jet  flap  or  the  prediction  methods 
for  extrapolating  the  wind-tunnel  data  to  the  Buffalo  wing.  The  flare  and  the  longitudinal  control  are  the  two  areas  in  which  there  are 
significant  differences  in  flight  characteristics  compared  to  simulation.  The  flare  characteristics  were  different  because  there  was  an 
inherent  problem  in  providing  p iots  the  proper  cues  and  because  the  simulation  mathematical  model  for  ground  effect  was  not  correct. 
The  lift  loss  with  height  above  the  ground  was  too  large,  the  reduction  in  drag  too  low,  and  the  pitching  moment  too  high.  Because  the 
simulation  had  covered  a range  of  lift  losses  in  ground  effects,  the  only  real  surprise  to  the  pilots  was  the  tendency  to  float  when  full 


i 
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flares  were  attempted;  this  effect  was  due  to  reduced  drag  in  ground  effect.  References  15  and  16  present  some  preliminary  results  on 
the  initial  flight  tests. 

The  longitudinal  control  was  found  to  be  only  marginally  satisfactory  in  flight  at  nominal  STOL  and  conventional  flight  modes 
and  was  unacceptable  at  very  low  airspeed  and  high  angles  of  attack,  because  of  the  adverse  dynamic  force  characteristics  and  the 
reduced  elevator  deflection  (15°  out  of  a possible  25°)  available  with  low  column  forces.  It  was  recognized  in  the  early  simulation 
phases  that  the  force  characteristics  of  the  elevator  control  system  was  only  marginally  satisfactory,  but  the  magnitude  of  the  problem 
was  not  fully  realized,  because  the  mechanical  characteristics  of  control  system  were  not  completely  simulated  in  the  mathematical 
model.  The  dynamic  force  characteristics  could  not  be  accurately  modeled  because  of  the  limitations  of  the  equipment.  The  large 
increase  in  control  force  at  high  elevator-deflection  angles  was  not  known  to  exist  on  the  Buffalo  until  after  initial  taxi  tests  had  started 
on  the  aircraft.  The  longitudinal  control  system  has  now  been  modified  to  a fully  powered  system  to  eliminate  any  restriction  in  flight 
from  that  source.  It  is  now  possible  to  accurately  model  the  longitudinal  control  system  on  the  simulator. 

The  simulation  during  the  Documentation  and  Pilot  Assessment  Phase  is  primarily  to  indoctrinate  additional  pilots  who  will  be 
flying  the  airplane  to  assess  its  STOL  operational  characteristics  during  the  latter  part  of  this  flight-test  period.  The  simulator  test  plan  is 
similar  to  the  preflight  planning  phase,  modified  by  the  experience  and  pilot  opinion  obtained  during  the  flight  tests.  The  project  pilots 
will  also  participate  in  this  simulation  to  train  the  new  pilots  and  to  study  revised  flare  techniques  with  the  model  aerodynamics  and 
ground-effect  update  that  will  be  more  representative  of  the  aircraft.  All  pilots  that  are  to  fly  the  aircraft  will  be  trained  in  STOL 
operational  and  emergency  procedures  on  the  simulator.  Such  simulator  experience  reduces  the  flight  time  that  is  required  to  train  a 
new  pilot.  On  a research  aircraft  with  a design  service  life  of  only  500  hours,  the  saving  of  only  a few  flight  hours  is  significant. 

Simulation  is  continuing  to  be  used  extensively  in  the  flight  research  programs  that  are  planned  for  the  aircraft.  These  programs 
include  the  research  and  development  of  avionics  systems  for  terminal  area  navigation  and  automatic  and  manual  guidance  systems,  as 
well  as  STOL  aircraft  certification  and  the  study  of  STOL-aircraft  handling  qualities. 

4.  SIMULATION  OF  CANDIDATE  V/STOL  RESEARCH  AIRCRAFT 

4.1  Objective 

The  use  of  simulation  in  the  development  of  a STOL  research  aircraft  is  discussed  in  the  previous  section.  This  section  discusses  the 
use  of  simulation  in  evolving  conceptual  jet,  V/STOL  aircraft  designs  into  potentially  viable  candidate  research  aircraft.  An  objective 

pursued  in  this  phase  is  to  evolve  designs  of  aircraft  that  are  cap- 
able of  very-steep-gradient  climbing  and  descending  flight  through- 
out the  hover-to-conversion,  low-speed  flight  regime.  An  advanced 
V/STOL  steep-curved  decelerating  profile  which  is  used  as  a goal  is 
compared  in  Fig.  11  with  typical  CTOL  and  STOL  approach 
paths.  The  V/STOL  approach  path  is  for  a descent  rate  of  10  m/s 
(2000  ft/min)  while  decelerating  at  0.15  g.  The  capability  of  mak- 
ing simultaneous  decelerating  descents  along  a steep-curved 
landing-approach  path  to  a vertical  landing  under  either  VFR  or 
IFR  weather  conditions  offers  advantages  in  terms  of  reducing 
noise  footprints,  terrain  clearance,  real-estate  requirements,  and 
block  time. 

The  extent  to  which  such  approaches  can  be  utilized  opera- 
tionally has  not  been  established.  Consequently,  a prerequisite  to  a 
viable  V/STOL  research  aircraft  is  the  capability  of  conducting  a 
near-terminal  research-flight  investigation  along  such  advanced 
approach  profiles.  It  has  been  found  that  these  requirements  have 
been  most  difficult  to  achieve,  and  that  significant  design  trade- 
offs are  involved  in  obtaining  the  large  low-speed  envelope  with  good  handling  under  IFR  conditions  with  safety  during  and  after  a 
propulsion-  or  stabilization-system  failure.  Simulations  for  the  conceptual  design  studies  of  potential  V/STOL  aircraft  and  their  control 
systems  were  more  extensive  than  for  the  STOL  research  aircraft,  because  the  V/STOL  mathematical  model  was  more  complicated  by 
the  integration  of  the  propulsion  system  with  the  control  and  stabilization  system  and  by  the  requirement  of  satisfactory  performance 
and  handling  over  a larger  envelope.  This  has  led  to  a greater  dependence  on  experienced  research  pilots  for  providing  detailed 


4.2  Integrated  propulsion/control  system 

Figure  12  shows  one  of  the  candidate  designs  that  has  been 
studied.  The  design  features  an  integrated  propulsion/control 
system  that  utilizes  six  gas  generators  which  drive  six  tip-turbine- 
driven  adjacent  fans  (generally  known  as  remote  fans).  Four  of  the 
remote  lift  fans,  two  in  the  forward  fuselage  and  one  in  each 
wing-tip  pod,  are  used  only  in  the  vertical  and  low-speed  flight 
mode;  the  two  aft  lift-cruise  fans  are  used  in  all  flight  modes.  The 
engines  in  the  wing  tips  are  interconnected,  and  opposite  forward 
and  aft  engines  in  the  fuselage  are  interconnected;  e.g.,  the  left- 
forward  engine  is  connected  to  the  right-rear  engine.  The  advan- 
tage of  interconnecting  is  two-fold.  One,  no  significant  moments 
are  produced  by  a gas-generator  failure;  and  two,  it  permits  modul- 
ation of  fan  thrust  over  a wider  range  to  satisfy  attitude-  and 
translation-control  requirements.  This  integrated  propulsion/ 
control  system  capitalized  on  the  very  short  duration  (fractions  of 
a second  up  to  a few  seconds)  transient  characteristics  of  the 
propulsion  system.  The  potential  of  this  integrated  system  may  be 


assessments  of  the  aircraft  characteristics  in  the  early  design  stages. 


Fig.  12  An  example  of  a candidate  V/STOL  research  transport 
design. 
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Fig.  1 1 Typical  landing  approach  profiles  for  V/STOL,  STOL, 
and  CTOL  aircraft. 
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seen  in  Fig.  13  by  the  significant  reduction  in  gas-generator  power 
required  over  a noninterconnected  system  (one  gas  generator 
driving  one  fan).  Details  of  this  aircraft  design  and  propulsion/ 
control  system,  which  was  developed  by  McDonnell  Aircraft 
Company,  can  be  found  in  reference  17.  While  this  novel 
propulsion/control  system  showed  large  potential  in  meeting  the 
objectives  during  the  initial  conceptual  studies,  it  was  necessary  to 
verify  whether  the  design  guidelines  in  Table  7 could  be  satisfied. 
Of  primary  concern  were  the  control  response,  control  power,  and 
effect  of  failures.  Before  a simulation  could  be  performed,  it  was 
necessary  to  develop  an  acceptable  data  base  for  the  propulsion/ 
control  system.  Consequently,  a full-scale  investigation  was 
initiated  with  two  gas  generators,  ducting,  and  valves  to  determine 
steady-state  and  transient  behavior  of  the  propulsion/control 
system.  Reference  18  contains  a discussion  of  the  full-scale  tests. 
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l.l  1.2  13 

TRANSIENT  FAN  THRUST  RATIO  FOR  CJNTROL 


Fig.  13  Design  impact  of  interconnected  and  noninterconnected 
engines  on  gas-generator  si2e. 


Table  7.  Design  Guidelines  for  V/STOL  Research  Transport  Low-Speed  Control  Systsms 


1.  Control  power.  Example  control  moment/inertia  design  values  for  normal  operation  are  0.75, 
0.40  and  0.30  rad/secJ  for  the  roll,  pitch,  and  yaw  axes,  respectively. 


2.  Control  response.  Example  first-order  control  moment  time  constants  for  normal  operation 
are  0.2  and  0.3  sec  for  attitude  and  height  control,  respectively. 


3.  Generation  of  pure  attitude  control  about  a given  axis  without  coupling  with  other  axes  and 
without  coupling  with  height  control. 


4.  A system  integrated  with  the  propulsion  system  as  required  to  minimize  weight  and  cost  pen- 
alties of  the  combined  propulsion  and  control  systems. 


Control  moment  force  generators,  if  other  than  the  main  propulsive  lifting  units,  that  are  not 
the  predominant  contribution  to  perceived  noise  level. 


6.  A system  that  maintains  symmetric  forces  and  moments  about  the  aircraft  during  and  after 
failure  of  the  critical  gas  generator  (or  remotely  powered  fan). 


7.  System  simplicity,  particularly  to  minimize  maintenance. 


The  initial  simulation  was  performed  on  the  Ames  6-Degree- 
of-Freedom  Simulator,  which  has  proven  to  be  a particularly  good 
tool  for  hovering  evaluations  because  considerable  motion  is  avail- 
able and  real-world  cues  can  be  used  (ref.  19).  The  lateral  control 
characteristics  and  pilot  ratings  for  hovering  the  candidate  design 
with  the  Stability  Augmentation  System  (SAS)  ON,  for  conditions 
of  no  wind,  and  wind  with  turbulence  are  compared  in  Fig.  14 
with  a previously  reported  simulation  of  an  ideal  configuration 
(ref.  19)  and  from  flight  evaluation  of  a VTOL  transport,  the 
DO-31  (ref.  20).  For  no  wind,  and  normal  SAS  ON  operation,  the 
candidate  design  was  rated  satisfactory,  as  would  have  been 
expected  from  other  test  data.  However,  crosswinds  and  turbu  ent 
conditions  degraded  handling  characteristics  considerably.  The 
degradation  was  not  apparent  in  flight  with  the  DO-31  aircraft 
which  had  a similar  gross  weight,  control  power,  and  frequency. 
The  DO-31  aircraft  had  satisfactory  handling  qualities  during 
hovering  flight  in  light-to-moderate  turbulence  and  winds  up  to 
20  knots,  which  would  indicate  that  the  simulation  results  are 
somewhat  pessimistic.  The  simulation  showed  that  the  new  inte- 
grated propulsion/control  system  was  generally  satisfactory  for 
hovering  under  normal  operating  conditions  (i.e.,  no  failures),  but 
some  improvements  should  be  made. 


Fig.  14  Evaluation  of  integrated  propulsion/control  system, 
hovering  flight,  with  and  without  wind,  SAS  ON. 


4.3.  Stability  Augmentation  System  (SAS) 


A question  that  impacts  the  design  of  the  candidate  integrated  propulsion/control  system  is  whether  the  design  should  provide 
adequate  response  with  SAS  failure  or  whether  the  SAS  system  should  be  redundant  with  complexity  as  required  to  achieve  a 
fail-operational  system.  Figure  15  is  an  example  of  an  evaluation  of  the  V/STOL  design  of  Fig.  12.  Pilot  ratings  are  shown  for  a hovering 
flight  task  with  the  SAS  OFF  and  no  wind  for  four  different  propulsion/control  system  capabilities;  SAS  ON  is  shown  for  comparison. 
The  desired  pilot  rating  for  an  emergency  is  6.5  or  better.  With  the  SAS  OFF  the  basic  aircraft  is  unsafe  in  hovering  flight  (pilot  rating 
of  10).  Transient  fan-thrust  modulation  could  be  increased,  but  that  design  approach  is  poor,  as  illustrated  by  the  very  small  improve- 
ment obtained  when  the  basic  control  power  level  was  increased  by  a factor  of  1,4.  Reducing  the  value  of  the  control-moment  time 
constant  by  half  improved  ratings  somewhat,  but  not  enough.  The  results  of  the  evaluation  suggest  that  serious  consideration  should  be 
given  to  a SAS  fail-operational  design  approach  for  the  candidate  research  aircraft. 
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Fig.  15  Pilot  ratings  from  simulation  of  V/STOL  transport 
design  of  Fig.  12;  hovering  Flight,  no  wind. 


4.4  Thrust  management  system 

The  previous  considerations  were  for  hovering  only.  The 
propulsion/control  system  must  also  operate  satisfactorily  over  a 
broad  speed  and  thrust  range  and  be  integrated  for  precise  flight- 
path  control  so  that  a pilot  can  fly  demanding  VTOL  profiles  such 
as  shown  in  Fig.  11.  The  system  demands  are  indicated  by  the 
computed  parameters  in  Fig.  16  for  a descent  rate  of  4 m/sec 
(800  fpm)  and  0.15  g deceleration.  Good  attitude  control  and 
stabilization  must  be  achieved  for  an  effective  thrust -vector  range 
of  20°  to  over  100°  while  the  thrust -weight  ratio  is  increased  from 
0.2  to  over  1.0.  After  initial  piloted  simulation  investigations, 
there  was  little  confidence  that  the  candidate  V/STOL  research- 
aircraft  configuration  would  in  fact  be  able  to  operate  over  such 
advanced  approach  paths.  The  pilot  workload  levels  were  high  and 
normally  likes  to  keep  constant;  i.e.,  airspeed,  angle  of  attack,  and 
another  parameter  must  be  controlled,  the  angle  of  the  thrust  vector, 
of  time,  and  the  pilot  has  very  little  time  to  sort  things  out. 


TIME  TO  TOUCHDOWN,  Sec 

Fig.  16  Variation  of  controlling  parameters  for  landing 
approach  at  a rate-of-descent  of  4 m/sec  (800  fpm), 

0.1 5-g  deceleration,  and  level  fuselage. 

his  tracking  performance  poor  because  the  parameters  that  a pilot 
thrust,  must  be  varied  in  the  final  phases  of  landing.  In  addition, 
As  shown  in  Fig.  16,  these  parameters  change  rapidly  as  a function 


4.5  Subsequent  progress 


Successive  simulations  were  performed  to  sort  out  different  forms  of  thrust-vector  controls  and  to  find  the  extent  and  form  of 
automation  needed  to  satisfactorily  perform  complex  flight  paths.  The  progress  that  has  been  made  is  indicated  in  Fig.  17,  where  a 

high-performance  approach  "flown"  with  acceptable  pilot  work- 
load on  the  FSAA  simulator  is  compared  with  that  achieved 
during  NASA  flight  tests  of  the  DO-31  aircraft  and  with  the  goal. 
The  landing  approach  profiles  are  presented  in  terms  of  the 
relationship  between  height  above  the  landing  site  to  horizontal 
distance  to  touchdown. 
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Fig.  17  Comparison  of  landing  approaches  flown  with  design 
goal  in  terms  of  distance-to  touchdown. 


The  simulation  results  presented  in  Fig.  17  illustrate  that 
considerable  progress  has  been  made  toward  realization  of  the 
design  goals.  With  the  capability  of  the  DO-31  aircraft  as  a ref- 
erence, improvements  achieved  to  date  have  been  due  to  a compre- 
hensive piloted  simulation  program  which  attacked  simultaneously 
the  interrelated  areas  of  propulsion/control  system,  stability 
augmentation  system,  thrust-management  system  pilot  displays, 
automation,  and  aircraft  characteristics.  Each  of  these  items 
impacted  the  design  of  the  aircraft.  To  further  refine  this  con- 
ceptual design  study,  additional  wind-tunnel  and  control -system 
testing  and  periods  of  simulation  are  planned. 


5.  CONCLUDING  REMARKS 

Flight  simulation  has  become  an  integral  part  of  NASA  V/STOL  research  aircraft  development  programs.  The  main  objective  of  a 
research  aircraft  is  to  provide  an  aircraft  for  flight  research  into  new  concepts  and  missions.  This  implies  that  design  criteria  and 
operational  experience  and  procedures  are  not  available  for  orderly  development  and  initial  flight  testing  of  a new  type  of  aircraft. 
Simulation  provides  a means  for  obtaining  some  of  the  required  information  in  a manner  in  which  research  pilots  can  contribute 
significantly.  The  requirements  for  simulation  in  such  programs  have  been  illustrated  in  two  research  aircraft  programs  (1 ) the 
Augmented  Jet-Flap  Research  Aircraft  for  which  the  initial  development  is  complete  and  flight  research  has  started,  and  (2)  an 
advanced  V/STOL  research  aircraft  for  which  designs  are  being  developed.  In  both  of  these  programs,  periods  of  simulation  were 
scheduled  during  the  conceptual  design  phase  and,  in  case  of  the  STOL  aircraft,  periods  were  scheduled  throughout  the  program  The 
simulation  studies  were  significant  in  establishing  design  criteria  and  furthering  the  study  of  problems  associated  with  new  flight 
profiles,  new  methods  of  control,  and  special  emergency  conditions  for  the  aircraft. 
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SCTtlART 

The  talient  features  of  a literature  surrey  on  the  interference  effects  of  jets  in  cross  flow  are 
outlined,  frost  the  large  number  of  reports  on  this  subject  a systematic  catalogue  has  been  devised 
and  a critical  surrey  compiled,  which  aims  to  provide  the  designer  and  research  worker  with  a guide  to 
available  literature  and  to  future  research  needs. 

The  catalogue  lists  reports  reviewed  and  contains  a tabulation  of  data  in  terms  of  the  independent 
variables,  dependent  variables  and  test  techniques. 

The  critical  review  analyses  the  experimental  work  to  investigate  the  effect  on  aerodynamic  forces  and 
moments  of  (a)  the  fluid  and  geometrical  properties  of  the  jet  and  cross  flow,  e.g.,  jet  velocity  profile, 
nozzle  cross  section  shape,  (b)  the  geometrical  arrangement  of  the  aerodynamic  elements,  e.g.,  multiple 
jet  spacing  relative  to  airframe,  nozzle  to  ground  height.  The  conclusions  Indicate  those  parameters 
which  have  significant  effects  but  have  not  been  the  subject  of  systematic  investigations.  Recommendations 
are  made  for  further  research  effort. 


INTRODUCTION 

The  flow  field  created  by  a jet  or  jets  interacting  with  the  fluid  surrounding  the  jet  efflux  has  received 
considerable  attention  from  both  designers  attempting  to  optimise  configurations  of  jet  lift  aircraft  and 
research  workers  seeking  a clearer  understanding  of  this  type  of  flow  phenomena.  There  are  many  reports 
which  are  generally  available.  There  are  also  a significant  number  that  up  to  now  have  not  been  widely 
published,  which  describe  work  carried  out  by  aero-space  companies  in  the  United  Kingdom. 

In  order  to  assess  the  current  situation  the  more  recent  reports,  available  in  English,  have  been  catalogued 
and  reviewed.  The  terms  of  reference  of  this  exercise  restrict  the  survey  to  the  cases  when  subsonic  or 
sonic  jets  discharge  at  oblique  angles  to  a cross  flow  having  Mach  Numbers  ranging  from  M “ 0.6  to  zero. 

piyvisioN  of  a 9ATMP9M 

A catalogue  has  been  devised  in  order  to  assist  the  designer  in  his  search  for  relevant  information.  Only 
basic  data  is  presented  but  this  will  nevertheless  greatly  assist  in  the  location  of  reports  likely  to  be 
useful.  In  order  to  present  the  data  in  as  concise  an  order  as  possible,  three  basic  categories  have  been 
selected! 

(i)  Independent  variables. 

(li)  Measured  data. 

(ill)  Test  techniques. 

Also  included  in  the  tabulation  are  the  ranges  of  variation  of  these  parameters.  A typical  example  of  the 
information  Included  is  given  in  Table  1. 

This  type  of  table,  therefore,  indicates  the  quantity  of  datA  available  in  each  topic,  and  also  where  this 
data  may  be  readily  obtained.  It  is  also  valuable  in  that  it  highlights  areas  which  require  further 
investigation.  Naturally  it  cannot  reveal  all  the  detail  contained  in  a report  nor  doee  it  provide  an 
assessment  of  the  quality  of  data.  In  order  to  obtain  some  guide  to  this  latter  aspect  the  writing  of  a 
critical  review  was  undertaken. 

CRITICAL  REVIEW 

This  has  been  confined  to  the  general  field  defined  below,  together  with  the  associated  main  areas  of 
interest  t 

The  effect  upon  aerodynamic  interference  forces  and  moments  of  changes  in 

(a)  the  fluid  properties  and  the  particular  geometric  (spatial  velocity)  flow 
characteristics  of  the  jet  and  cross  flow, 

and  (b)  the  geometry  of  the  aerodynamic  element  influenced  by  the  nozzle  system. 

Other  related  but  less  major  areas  are  included  such  as: 

Reingestion  of  exhaust  gases  into  engine  intakes. 

Surface  erosion  due  to  impinging  jets. 

Wind  tunnel  test  limits. 
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The  review  is  sub-divided  in  such  a manner  that  attention  is  given  to  each  parameter  in  turn  (Table  2). 
This  enables  as  full  on  appreciation  as  possible  to  be  given  to  the  individual  pieces  of  tabulated  data. 


Since  no  theories  are  currently  available  for  viscous  fluids,  the  review  does  not  contain  an  assessment 
of  the  various  inviscid  theories  for  predicting  pressure  distributions  over  surfaces.  Wakes  cannot  be 
created  in  inviscid  fluid  flows,  and  since  the  wake  region  is  of  considerable  importance  in  jet 
interference  studies,  the  inclusion  of  theories  which  preclude  this  would  only  be  misleading. 

Presented  now,  in  an  abbreviated  form,  are  some  of  the  more  significant  results  of  this  review: 

1.1.  1ET  FLUID  PROPERTIES 

^l^^Jf^Locit^^rofile 

Almost  all  the  fundamental  experimental  work  has  been  carried  out  using  nossles 
producing  a jet  with  a "flat"  axial  velocity  profile  at  no22lc  exit.  Often  the 
actual  velocity  deviates  from  the  mean  in  a form  defined  as  "profile  roughness", 
which  may  range  from  - 0.5$  (Ref.  1)  to  ^ 10 % (Ref.  2).  It  is  significant  that 
no  comparative  studies  have  yet  been  undertaken  to  establish  the  importance  of 
this. 

The  effect  of  gross  change  in  velocity  profile  has  not  been  investigated  although 
it  is  suspected  that  this  could  be  a significant  variable.  Gentry  and  Margason 
(Ref.  3)  have  studies  the  effect  of  a variation  in  no22le  length  on  induced  forces 
and  have  shown  that  there  is  a change  in  interference  lift  loss.  It  is  suspected 
that  this  change  in  lift  loss  can  be  attributed  to  the  alteration  in  velocity 
profile  caused  by  the  increase  in  nosele  length.  It  is  surprising  but  valuable 
to  note  that  such  a significant  parameter  has  largely  been  ignored,  and  it  is 
clear  that  some  further  work  is  essential. 

The  effect  of  cross  flow  is  interesting.  Fig.  1 (after  Brown,  Ref.  4)  shows  the 
constant  velocity  contours  before  and  after  the  imposition  of  cross  flow.  In 
still  air  the  axi-synmetric,  undeflected  jet  has  the  same  nominally  flat,  axial 
velocity  profile  along  any  diameter. 

When  subjected  to  cross  flow,  the  maximum  velocity  occurs  at  two  stations  either 
side  of  the  diameter,  which  is  in  the  plane  of  symmetry  of  the  deflected  jet. 

The  largest  velocity  on  this  particular  diameter  occurs  on  the  cross  flow  downstream 
side. 


1.1.2  let  Trajectories 

These  have  proved  of  interest  since  the  very  beginning  of  V/5T0L  research  since 
they  may  be  used  in  the  calculation  of  a pressure  field.  7here  are  at  least 
five  ways  of  defining  the  jet  path: 

1.  the  line  of  maxiimsn  stagnation  pressure, 

2.  the  line  of  maximum  dynamic  pressure, 

3.  the  line  of  maximum  velocity, 

4.  the  line  of  maximum  stagnation  temperature, 

5.  the  line  of  vortex  centres. 

Since  none  of  these  give  precisely  the  same  trajectory,  it  is  therefore  necessary 
to  exercise  great  care  when  comparing  data  from  different  sources. 

It  is  generally  assumed  that  under  the  same  conditions  of  cross  flow,  the 
trajectories  of  circular  jets  are  unaffected  by  the  geometry  of  the  surface 
from  which  they  emerge,  but  a satisfactory  corr;lation  has  not  been  achieved 
as  yet.  Harding  (Ref.  5)  presents  some  evidence  which  indicates  that  under 
certain  conditions  surface  geometry  may  influence  the  path  taken  by  the  jet. 

The  trajectory  is  also  affected  by  the  shape  of  the  initial  cross  section,  which 
is  worthy  of  further  investigation,  and  most  of  the  available  data  only  applies 
to  arl symmetric  jets. 

2il-SJ__jet_Kntraijwent 

The  rate  of  entrainment  into  a jet  is  important,  particularly  in  the  region  close 
to  the  jet  exit,  because  it.  affects  the  local  flow  velocities  over  adjacent  surfaces, 
and  hence  the  local  static  pressures,  Direct  measurements  are  possible  only  in 
certain  cases,  and  when  used  (refs.  6,  7,  3)  a good  correlation  of  data  was  obtained. 
This  information  is  only  of  limited  use  since  no  information  is  given  concerning 
the  properties  of  the  jet. 

An  alternative  assessment  which  enahles  entrainment  rates  to  be  compared  is  given 
by  the  decay  of  dynamic  head. 

Inside  the  potential  core  no  entrainment  occurs.  Thus  a study  of  the  length  of 
this  core  indicates  the  rate  of  entrainment.  The  effect  of  variation  in  this  is 
demonstrated  in  Fig,  2.  after  Ousterbout  (Ref,  9),  which  shows  that  with  a shorter 
potential  core  Indicating  higher  entrainment  rates  the  induced  pressure  field  is 
generally  more  extensive. 

In  the  absence  of  cross  flow,  Bradbury  (Ref.  II)  has  shown  that  the  presence 
of  rahs  in  the  nossle  reduces  the  length  of  the  potential  core,  and  also  changes 
the  jet  decay  characteristic. 


When  cross  flow  is  present,  there  is  evidence  that  at  a velocity  ratio  of  about 
5,  the  behaviour  of  the  flow  field  changes.  This  is  indicated  by  an  alteration 
in  the  jet  decay  characteristic.  Keffer  and  Baines  (Ref.  10)  show  that  this  occurs 
at  a velocity  ratio  of  4*  Brown  (Ref.  4)  shows  that  the  shape  of  the  decay  curve 
changes  significantly  at  a velocity  ratio  of  5* 

Clearly  there  is  a need  to  establish  if  separate  identifiable  flow  regimes  exist, 
and  to  determine  the  influencing  parameters . 

Te^erjture_Effegts 

Although  experimental  work  with  jets  at  elevated  temperature  has  been  carried  out, 
it  has  so  far  not  been  possible  to  satisfactorily  isolate  this  parameter  from 
other  effects.  Scatter  of  results  reported  by  Holdeman  (Ref.  12)  is  thought  to 
be  due  to  different  jet  and  cross  flow  conditions,  but  a proportion  of  this 
information  was  for  velocity  ratios  of  no  interest  to  V/&T0L  designers. 

1.2  CROSS  FLOW  PROPERTIES 

1.2.1  Velocity  Profile 

With  one  exception  all  the  work  repo'-'ted  concerned  cross  flows  with  nominally  flat 
profiles.  Ref.  4 deals  with  the  effects  Of  both  a positively  and  negatively  sheared 
cross  flow,  and  comparisons  are  made  with  the  uniform  flow  case.  The  effects  on 
induced  pressure  fields  are  significant  but  the  basis  of  comparison  may  lead  to 
difficulties.  It  is  probably  safe  to  assume  that  out  of  ground  effect,  sheared 
flows  are  unlikely  to  be  encountered,  but  in  ground  effect  the  chances  are  very 
much  greater.  It  is  suggested  that  this  would  provide  a useful  area  for  further 
work. 

hhl Surface  Boundary  Layers 

Thompson  (Ref.  13)  demonstrates  that  surface  boundary  layers  nay  not  be  a major  factor 
influencing  induced  forces.  In  a study  of  the  pressure  field  due  to  an  axi symmetric 
jet  discharging  into  a uniform  cross  flow  it  is  shown  that  whilst  boundary  layer 
thickness  changes  the  distribution  of  pressure,  the  effect  on  overall  forces  is  thought 
to  be  minimal. 

1.-»  Nnzri£  OEOMETKT 

x'3,l Hoxsle  Shape 

There  is  evidence  which  suggests  that  the  circular  nossle  is  preferable  for  V/5T0L 
application,  lhe  trajectory  of  a narrow  jet  edge  on  to  the  cross  flow  is  unstable 
and  can  oscillate  laterally  to  the  cross  flow  direction  under  certain  cor  itlons 
causing  the  induced  pressure  field  to  change  in  a sympathetically  cyclic  fashion. 

The  same  jets  when  presenting  a broad  face  to  the  cross  flow  create  a larger  blockage 
to  the  flow.  The  wake  width  is  larger  due  to  the  flow  "separation"  at  the  edge  of 
the  jet  and  the  resulting  interference  pressure  field  is  more  extensive  (Refs.  13,  14). 

Ilil2 tWplc  *Wix»  VTMT 

Apart  from  Ref.  15  the  experimental  work  is  mainly  concerned  with  aircraft  models. 

From  work  carried  out  by  the  British  Aircraft  Corporation  and  Hawker  Siddeley  Aviation 
Ltd.  it  is  clear  that  the  arrangement  of  jets  is  important  and  in  general  jets  which 
are  more  evenly  distributed  give  better  characteristics  than  those  grouped  into  clusters. 
Ref,  16,  for  example,  discusses  hovering  in  ground  effect.  Under  ground  effect  conditions 
multiple  nozzles  can  produce  jet  fountains,  which  may  give  rise  to  the  reingestion  of 
hot  gases  into  engine  intakes,  or  impingement  of  hot  gases  on  to  aircraft  components. 

2.1.  GEOMETRY  OF  THE  AEROOTNAHIC  ELEMENT 

Introduction 

The  existence  of  surfaces  near  to  the  noszle  exit  or  the  jet  trajectory  undoubtedly 
has  an  effect  on  induced  forces  and  moments.  This  is  due  to  the  influence  which  these 
surfaces  have  on  local  velocities  (both  in  speed  and  direction)  and  as  a general  rule 
the  effects  will  be  more  significant  the  closer  the  surface  is  to  the  jet. 

_ n|jt_Surfa£e 

The  only  geometrical  variable  in  the  case  of  the  finite  surface  is  the  shape  of  the 
leading  edge,  which  varies  from  a sharpened  edge  to  a rounded  nose  section.  Since 
this  is  likely  to  affect  only  the  development  of  surface  boundary  layer  which  has  little 
influence  (see  1,2.2),  provided  the  noszle  is  set  close  to  the  leading  edge. 

2^2*2^ _Bodjr_of_Re«lAiti^n 

Ousterhout  (Ref.  9)  compares  pressure  coefficients  and  pitching  moments  generated  by  a 
jet  emerging  from  a c ylinder  with  its  axis  parallel  to  the  main  stream  with  those  on  a 
flat  plate  produced  under  identical  flow  conditions.  All  the  data  is  obtained  at 
velocity  ratios  less  than  4,  which  is  below  the  critical  value  reported  by  Brown  (Ref.  4) 


26-4 


and  Keffer  and  Balnea  (Ref, 10). 

2il12>_ _WiiJ"s 

Recent  work  (Ref.  18)  has  suggested  that  there  are  two  patterns  of  flow  behaviour 
created  by  a jet  emerging  from  a wing.  At  velocity  ratios  less  than  6 the 
Interference  surface  pressure  field  Is  different  from  that  Induced  on  a flat  plate 
by  identical  cross  flow  conditions.  At  velocity  ratios  greater  than  6,  considerable 
similarity  exists  between  the  two  pressure  fields  when  compared  at  the  same  velocity 
ratio. 

Further  evidence  for  this  change  of  hehavi  our  is  presented  in  Pigs.  ('>,  7,  8 and  11 
of  the  paper  by  Knott  and  Hargreaves  which  is  presented  at  this  Symposium  (Ref,  2?.). 

The  factors  affecting  this  apparent  transition  in  flow  pattern  are  not  known  with 
certainty,  but  it  is  possible  that  there  may  be  some  connection  with  the  results 
reported  by  Keffer  and  Baines  (Ref. 10)  and  Brown  (Ref.j)  concerning  jet  trajectories 
(see  1.1 .2). 

2.1.4  Aircraft 

Because  of  the  large  number  of  variables  and  because  results  may  be  applicable  to 
only  one  specific  model,  it  is  unsound  to  draw  general  conclusions. 

Aircraft  types  may  be  classified  broadly  ass 

Fliselage  mounted  jets. 

Wing  mounted  jets. 

Podded  jets. 

Four  operating  regimes  may  be  recognised t 

No  cross  flow  - out  of  ground  effect. 

With  cross  flow  - out  of  ground  effect. 

No  cross  flow  in  ground  effect. 

With  cross  flow  in  ground  effect. 

A considerable  amount  of  data  is  available,  of  which  Refs.  3,  16,  lo,  20  and  21  are 
but  a small  selection,  but  there  appears  to  be  a scarcity  of  generalised  information 
for  aircraft  in  ground  effect  with  cross  flow. 


FURTHER  WORK 

The  most  significant  feature  arising  from  this  exercise  is  the  need  to  establish  if  there  is  more  than  one 
type  of  flow  pattern,  and  which  parameters  are  important.  Four  independent  sources  suggest  that  there  may  he 
at  least  two  flow  regimes,  and  it  is  clear  that  some  careful  experimental  work  is  required. 

To  support  this  work,  it  appears  necessary  to  ascertain  the  significant  factors  affecting  jet  behaviour 
both  without  and  with  a cross  flow.  A carefully  designed  experimental  programme  is  required  which  will 
separate  out  such  parameters  as  velocity  profile,  profile  "roughness",  turbulence,  jet  Reynolds  number, 
boundary  layer  thickness,  jet  temperature,  jet  pressure  ratio,  and  geometrical  design  of  the  nozzle 
and  plenum  chamber,  so  that  jet  decay  characteristics  may  he  accurately  defined. 
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1.1.1  Velocity  profile 

1.1.2  Trajectories 

1.1.3  fotraiament 

1.1.4  Temperature  effects 


1.2.1  Velocity  profile 
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Fig.1  Velocity  contours  at  nozzle  exit 
(Brown  Ref .4) 
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Fifl.2  Comparison  of  flat-plate  pressure  coefficient  contour  data 
for  two  investigations  at  the  seme  value  of 
velocity  ratio  (2.85)  (Ousterhout  Ref.9) 


1 


i. 


A 


APPENDIX  A 

ROUND  TABLE  DISCUSSION  AT  THE 
CONCLUSION  OF  THE  SYMPOSIUM 


Mr  J.P.HARTZUIKER  (Chairman)  : 


N.L.R. 

Amsterdam  1017 
Netherlands 


Mr  D.H. HICKEY 


Mr  B.EGGLESTON 


Professor  J.H.D.BLOM 


Professor  Dr  J.BARCHE 


Professor  Dr  K.GERSTEN 


Ames  Research  Center 
NASA 

Moffett  Field,  California  94035 
USA 

De  Havilland  Aircraft  of  Canada  Ltd, 

Downsview,  Ontario 

Canada  I 

Fokker  VFW.BV, 

Schipol-Oost 

Netherlands 

VFW  - Fokker  GmbH 
28  Bremen 
Germany 

Ruhr  Universitat  Bochum 
Germany 


M.P.PERRIER 


Avions  Marcel  Dassault-Breuget  Aviation 

92214  St  Cloud 

France 


A-l 


ROUND  TABLE  DISCUSSION 


Mr  i.P.Hartzuiker,  Chairman:  We  have  set  up  a panel  here  which  will  cover  most  of  the  topics  we  discussed  during 
the  meeting.  They  will  set  the  scene  for  a further  discussion,  and  it  is  hoped  that  there  will  be  a large  contribution 
from  the  audience.  I have  asked  the  panel  to  cover  approximately  half  the  time  which  we  have  available,  and  the 
rest  of  the  time  could  be  used  for  a discussion  from  the  floor.  The  outcome  of  this  Round  Table  Discussion  will 
be  added  in  printed  form  to  the  proceedings  of  this  symposium. 

I would  like  now  to  introduce  the  panel;  if  that  is  still  necessary.  1 have  on  my  left  Mr  Hickey,  who  is  Assistant 
Branch  Chief  of  the  Large  Scale  Aerodynamics  Branch  at  NASA  Ames.  You  know  Mr  Hickey,  of  course,  from  the 
excellent  introductory  review  he  gave,  and  the  subjects  of  his  comments  will  be  the  necessary  research  to  improve 
operating  economics  and  technology  of  the  VSTOL  system.  On  my  right-hand  side  we  have  Mr  Eggleston  who  is  the 
Advanced  Project  Manager  of  CeHavilland.  Canada.  You  have  all  been  there  for  his  introductory  paper  on  powered 
high  lift  systems,  and  in  view  of  the  quality  of  that  paper,  I am  sure  we  all  look  forward  to  hearing  the  further 
comments  he  might  have  on  the  subject.  Then  again,  going  left.  I would  like  to  introduce  Professor  Blom.  who  is 
Chief  of  Aerodynamics  of  Fokker  VFW  in  Amsterdam  and  who  is  also  a lecturer  at  the  Aerodynamics  Department 
where  we  are  guests  today.  He  is  prepared  to  give  his  point  of  view  on  mechanical  high-lift  systems.  In  view  of 
the  connections  of  Professor  Blom  with  the  F27  and  F28  aircraft.  I think  his  comments  will  be  very  welcome.  Going 
to  my  right  we  have,  as  you  know,  the  third  contributor  of  an  introductory  review.  Dr  Barche,  Head  of  the  Flight 
Pt.y  ML)  Department  of  VFW  Tokkcr  in  Btcm  . ii.  As  yuu  have  \iCul vi  tVic  clCai  ■M. iTiTiuTy  uf"  the  plohlvTOS  ot  jtt  lifts. 

1 think  you  will  be  eager  to  know  his  further  comments  on  what  should  be  done  on  that  subject.  On  my  far  left,  we 
have  Professor  Gersten  from  Ruhr  University  in  Bochum,  who  presented  a lecture  this  morning.  He  will  give  his 
comments  on  sessions  4 and  5 of  this  symposium,  i.e.,  Ground  Effects  and  Aerodynamic  Prediction  Methods  and 
Simulation  Requirements.  Finally.  I would  like  to  introduce  to  you  another  man  whom  we  have  also  seen  this 
fwtk  \1  Fwrfer.  who  is  Chief  of  TTrtofeiwsl  DyrrtEi d# of  -VAWiA.  svfAA.  is  4ft  *Avut4  UaswAsU ■ * ; hflirt 

is  eager  to  give  his  comments  on  the  application  of  computational  methods  to  the  subject  of  VSTOL  aerodynamics. 

1 would  now  like  to  invite  Mr  Hickey  to  give  his  first  comments. 


■ 


Mr  Hickey:  Thank  you  Mr  Hartzuiker.  We  have  had  an  interesting  two  or  three  days  of  discussion  on  V/STOL  aero- 
dynamics. My  task  now  is  to  try  to  relate  this  to  airplane  economics.  Before  I start,  1 would  like  to  point  out  that 
economics  are  made  up  of  at  least  two  parts,  one  being  indirect  operating  costs  and  the  other  being  direct  operating 
costs.  Indirect  costs  are  a function  of  what  it  takes  to  run  an  airline  exclusive  of  the  airplane;  the  cost  of  the  airpcrt, 
baggage  systems,  navigational  aids,  etc.  Whereas,  the  direct  operating  cost  is  more  a function  of  the  airplane,  and  that 
is  what  I will  discuss;  that  is,  how  V/STOI  aerodynamics  impact  on  direct  operating  cost.  Mr  Ljungstrom  in  Paper 
No.  13  made  this  point,  hi  the  broadest  sense  of  the  word,  when  we  talk  about  V/STOL  aerodynamics  and  improving 
aerodynamics,  we  are  talking  about  reducing  direct  operating  costs.  Even  if  we  consider  handling  qualities  or  develop- 
ment of  control  systems,  they  all  feed  back  into  the  airplane  efficiency  in  doing  its  mission.  I have  several  slides  to 
help  illustrate  the  discussion.  Figure  1 shows  direct  operating  cost  vs.  field  length  for  a number  of  different  STOL 
concepts.  Let  us  look  first  at  the  aircraft  equipped  with  mechanical  flaps.  You  will  notice  the  knee  of  the  curve  at 
about  a 4000  ft  field  length.  At  a 3000  ft  field  length  we  find  that  they  have  about  the  same  direct  operating  costs 
as  the  propulsive  lift  concepts.  We  have  heard  some  very  interesting  and  excellent  work  on  mechanical  flaps  during 
this  meeting.  M.  Perrier,  for  example,  showed  prediction  methods  and  also  showed  data  with  a maximum  lift  of  4'/2. 
The  maximum  lift  for  the  data  that  you  see  here  is  more  of  the  order  of  3'/i.  Of  course,  the  excellent  work  that 
Dr  Jacob  presented  was  very  interesting  as  well  as  that  of  Mr  Ljungstrbm.  However,  we  can’t  necessarily  relate 
maximum  lift  10  direct  operating  costs  other  factors  may  be  important.  For  example,  the  dmist-to-weight  ratio 
may  be  defined  by  the  engine-out  climb  rate  during  take-off.  If  so.  it  is  necessary  to  optimize  lift-drag  ratio  at  low 
ungk\  of  Mtwk  vid  k*r  flap  dcfujctturi*  rrtiwt  than  for  Cf  The  poKonid  lift  litmfl  mdlti  wr.  u»t  liar 
chart  have  a knee  at  about  3000  ft,  and  all  of  the  three  concepts  studied  have  about  equal  direct  operating  costs 
To  make  STOL  more  attractive  for  short  haul  we  should  minimize  direct  operating  costs  by  lowering  the  overall 
level  and  removing  the  knee  from  the  curve,  if  possible.  Let  us  now  examine  the  important  factors  in  direct  operating 
cost  Figure  2 lists  these  factors.  The  direct  operating  cost  is  the  cost  per  hour  of  operating  the  airplane  divided 
by  the  velocity  of  the  airplane.  The  velocity  is,  of  course,  the  distance  divided  by  the  cruise  time  plus  manoeuvre 
time.  An  increase  in  cruise  velocity  or  reduction  in  manoeuvre  time  will  improve  direct  operating  cost.  A factor  that 
enters  into  the  cost  per  hour  is  the  fuel  used,  and  the  equation  for  distance  per  pound  of  fuel  is  on  the  bottom  of  the 
High,  sir  :ipw*i  lew  spvUfk:  ft*«l  good  nui**  WUo-drag  Wk  wJ  km  uktili  w«ig  > wdwcw.  fwil 

requirements.  The  aircraft  weight  also  enters  into  the  cost  term.  Figure  3 shows  a weight  breakdown  of  a typical 
STOL  airplane.  We  see  that  the  structure  amounts  to  about  44%.  the  propulsion  system  about  15%.  the  fixed  equip 
ment  12%,  fuel  14%  and  payload  15%.  The  only  items  that  can  be  altered  with  aerodynamics  are  the  propulsion 
system  and  the  fuel  required.  Fixed  equipment  is  a constant  weight,  payload  is  a "instant  weight,  and  structure  is 
a constant  percent  of  gross  weight.  Using  these  factors,  the  sensitivity  of  direct  operating  cost  to  improvements  in 
aerodynamics  has  been  derived.  Figure  4 lists  these  sensitivities.  A 10%  increase  in  CLmav  results  in  a weight  change 
of  about  3%.  This  arises  from  the  assumption  that  an  improved  Cpnm  means  a lower  take-off  speed, 
and  there  is  less  engine  thrust  required  to  accelerate  the  aircraft.  The  thrust  required  is  another  sensitivity 
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factor,  and  this  assumes  that  with  a more  efficient  propulsive  lift  system,  engine  thrust  and  weight  can  be  reduced 
by  10%.  This  saving  reduces  aircraft  weight  by  about  3%.  The  other  factors  evaluated  were  specific  fuel  consumption, 
cruise  L/D,  and  cruise  speed,  which  reduced  aircraft  weight  by  2.8%  each.  If  we  take  these  as  cumulative  gains, 
weight  is  reduced  about  15%.  To  the  first  order,  direct  operating  cost  and  aircraft  weight  are  dependent  and  a similar 
reduction  in  direct  operating  cost  would  be  expected.  It  would  be  very  difficult  to  make  10%  improvements  in  all 
of  these  factors,  thus  the  gain  that  can  be  realized  is  probably  much  less  than  15%.  Based  on  this  conclusion,  more 
significant  gains  must  be  realised  before  the  goal  of  lowering  direct  operating  cost  and  removing  the  knee  of  the  curve 
in  the  first  slide  can  be  realized.  In  the  first  paper  the  advantage  of  increasing  augmentation  ratio  from  1.3  to  2 on 
an  augmented  jet  flap  aircraft  was  discussed.  This  improvement  would  reduce  direct  operating  costs  approximately 
15%  and  would  remove  the  knee  from  the  direct  operating  cost  curve.  However,  this  low  leverage,  from  aerodynamics 
means  rather  large  improvements  are  required.  The  workers  in  V/STOL  aerodynamics  are  encouraged  to  maintain 
their  research  efforts  and  look  for  significant  improvements. 


DOC'S  FOR  SEVERAL  STOL  AIRCRAFT 


Figure  1 


Chairman:  Are  there  any  comments  or  questions  from  the  floor  for  Mr  Hickey? 


Dr  Rogers:  I wondered  if  Mr  Hickey  would  really  comment  on  and  give  his  own  views  as  to  why  we  need  V/STOL 
transport  systems  anyway.  That  seems  to  be  a more  fundamental  question.  Certainly.  I think  it  is  questionable 
whether  2000  ft  runways  are  ever  going  to  be  required  or  indeed  will  ever  be  economic.  Whilst  one  can  certainly 
achieve  these  technically,  is  it  likely  that  the  DOC  will  be  acceptable  to  airlines  in  the  difficult  days  ahead,  and  in 
addition,  is  it  true  that  in  concentrating  on  DOC  one  is  doing  the  wisest  thing,  because  ultimately  what  matters  is 
the  cost  of  the  total  system.  I am  not  sure  that  the  simple  answer  isn't  going  to  be  conventional  aircraft  with  some 
STOL  capability  whe  i it  is  needed.  That  is  deliberately  controversial,  but  I would  be  grateful  for  your  comments. 


Mr  Hickey:  I think,  at  least  in  the  States,  we  feel  that  the  short-haul  transportation  system  needs  to  be  improved. 

This  can  be  done  certainly,  using  existing  airports,  new  runways  on  large  airports,  and  airplanes  of  4000  ft  field  length. 
That  is  well  established  and  can  be  done  right  now.  It  is  my  view  however,  that  with  the  current  environmental 
awareness  of  the  public,  they  are  going  to  object  and  continue  to  object  to  airplanes  near  them  and  over  them,  and 
that  shorter  field  lengths  will  help  to  minimize  these  objections.  These  objections  will  be  less  because  when  a new 
airport  is  required,  it  will  be  a shorter  field  length.  Even  if  you  have  a 4000  ft  runway,  a 2000  ft  field  length  air- 
craft will  have  its  advantages,  because  take-offs  can  be  offset  to  submit  the  community  to  less  noise  because  more  of 
the  noise  is  contained  on  the  airport.  For  landing,  again  you  can  offset  and  land  in  the  last  2000  ft  and  minimize 
noise  that  way.  Furthermore,  a 2000  ft  airplane  lands  slower,  has  a higher  descent  angle  and  will  have  less  noise  So 
I think  V/STOL  aircraft  systems  will  come.  I have  no  idea  when  that  will  be. 


Dr  Rogers:  I think  1 dispute  that.  Obviously,  this  is  not  the  time  for  technical  figures,  but  I am  not  sure  that  it  is 
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true  that  as  you  decrease  the  runway  length  the  noise  area  decreases  also.  1 suspect,  and  have  seen  figures  which  have 
suggested,  that  the  noise  footprint  is  in  fact  independent  of  the  actual  take-off  runway  because  of  increased  engine 
power. 

Mr  Hickey:  The  point  I was  trying  to  make  was  that  if  you  had  a 4000  ft  field  you  would  still  use  a 2000  ft  airplane 
on  that  and  bias  take-off  and  landing  operations,  because  then  some  of  the  noise  would  be  on  the  airport  instead  of 
the  surrounding  area 

l)r  Rogers:  I wonder  if  I could  provoke  a European  view  on  this  because  certainly,  I have  read  and  I accept  your 
government  reports  on  this.  Is  it  still  true  that  anybody  in  Europe  is  interested  in  2000  ft? 


Mr  Hickey:  Perhaps  you  are  representing  Europe.  There  were  still  other  parts  to  the  original  question.  You 
mentioned  that  direct  operating  cost  is  only  a part  of  the  system.  I realize  that,  and  I tried  to  take  care  of  it  in  the 
first  part  of  my  discussion.  It  may  he  that  the  indirect  operating  costs  are  a more  important  part  of  the  system  and 
could  bias  results  either  more  in  the  direction  of  short  field  length  or  in  the  other  direction.  In  terms  of  the  airplane, 
I think  that  direct  operating  cost  is  a reasonable  thing  to  discuss. 


Prof.  Kilchemann:  I would  like  to  ask  a few  more  general  questions  which  occurred  to  me  listening  to  all  the  papers. 
Therefore,  it  it  not  addressed  only  to  Mr  Hickey  but  perhaps  also  to  the  other  panel  members.  What  struck  me  was 
that  we  have  looked  at  powered  lift  systems,  but  one  could  say  that  they  were  all  rather  peculiar  in  trying  to  match 
up  two  partners  which  really  do  not  go  well  together,  namely,  an  isolated  engine  nacelle  and  a wing.  It  is  always 
most  awkward,  and  many  of  the  schemes  seem  to  be  illmatched  and  require  either  an  awful  lot  of  engineering  or 
produce  very  awkward  lousy  (lows.  So,  why  this  preference  for  just  these  few  schemes?  One  thing  that  I am  not  at 
all  clear  about,  having  listened  to  all  this,  is,  which  of  these  practical  powered  lift  schemes  can  do  things  which  go 
beyond  what  one  could,  for  instance,  do  with  boundary  layer  control?  Have  they  really  gone  beyond  this  boundary? 

I don't  think  that  I,  personally,  got  a clear  answer  to  that.  Do  these  schemes  just  produce  what  one  would,  perhaps, 
get  in  an  attached  flow  or  in  an  ideal  inviscid  flow,  or  do  they  go  beyond  that  and  are  they  genuinely  powered  lift? 

If  they  get  us  near  the  ideal  flow,  then  one  could  do  the  same,  presumably,  with  various  schemes  of  boundary  layer 
control.  We  did  not  really  hear  much  about  how  these  schemes  compare.  A similar  question  is  that  many  of  the 
schemes  involve  variable  geometry  in  a very  essential  way.  for  instance,  by  increasing  the  wing  area.  Again  I wasn't 
quite  clear  how  much  of  the  benefits  that  have  been  claimed  are  just  due  to  this  variable  geometry,  or.  are  there  any 
benefits  from  achieving  better  aerodynamics  and  having  more  efficient  flows?  Again,  that  boundary  was  not  very 
clear  to  me.  Is  it,  perhaps,  that  we  have  concentrated  rather  on  just  the  lift  side  of  the  problem?  Very  few  people 
have  talked  about  lift-to-drag  ratios  and  what  it  all  costs.  That  surprised  me  a little.  Isn’t  that  important  any  more? 
Why  was  there  so  little  comment  on  this  particular  aspect?  I was  pleased  that  at  least  one  speaker  said  that  he  could 
still  see  a future  for  mechanical  flaps.  What  we  ought  to  try  to  do  at  this  Round  Table  Discussion  is  to  sec  more 
clearly  what  we  should  do  in  future.  Is  there  a future  for  powered  lift  systems,  and  if  so.  in  what  direction  should 
we  go? 


Mr  Hickey:  I am  not  sur  that  I understand  all  of  your  questions.  The  first  one,  nhaps.  was  do  these  STOL  systems 
really  produce  more  lift  than  potential  How.  I thirk  that  the  answer  is  yes.  they  I do  not  think  there  is  really 
any  question  about  that,  when  you  have  an  efficient  propulsive  lift  system.  W icth  i /ou  need  propulsive  lift  systems 
or  not,  may  be  tmorher  question,  but  they  have  that  apability.  As  far  as  bettci  aeiodynamics  are  concerned,  I was 
also  disturbed  as  I mentioned  climb-out  lift-to-drag  latio  is  likely  to  define  engine  size  in  a STOL  airplane.  I am  also 
concerned  about  cruise  aerodynamics. 


M Perrier:  What  I want  to  comment  on  is  that  we  have  done  work  on  mechanical  flaps  exactly  as  in  the  conventional 
m mer.  Th  t means  that  extreme  extension  of  the  chord  is  not  the  origin  of  the  maximum  C[  we  have  obtained. 

We  have  the  same  extended  chord  as  on  a Boeing  727.  The  problem  is  only  the  work  on  the  viscous  How  around  the 
wing  section.  W ■ have  begun  by  a study  to  see  what  is  the  shape  of  the  wing  section  in  order  to  have  the  separation 
as  far  as  possible.  After  that,  we  have  put  an  iteration  in  order  to  have  a better  compromise  between  the  different 
slots  at  different  positions.  It  is  a very  long  job,  but  I am  sure  that  we  have  not  obtained  the  maximum  that  we  can 
obtain.  I know  that  if,  for  example,  we  are  reducing  the  sweep  angle  with  the  effect  of  a reduced  speed  in  cruise, 
we  will  have  a greater  Cl  for  the  same  sweep  angle,  for  example,  as  a Boeing  Dellavilland  augmentor  jet  wing.  We 
will  have  a greater  Cl  • What  I hope  is  that  by  improving  the  knowledge  of  the  viscous  flow,  essentially  the  know- 
ledge of  the  turbulent  viscous  flow,  of  the  mixing  of  turbulent  mixed  flow,  we  can  go  further  in  the  future.  I hope  so. 


Mr  Eggleston:  I would  like  to  provide  a partial  answer  to  Dr  KUehemann’s  earlier  question  and  also  the  other  one. 
The  origins  of  civil  STOL  go  back  to  around  1968,  I would  suggest,  when  the  major  airports  in  the  U.S.  suffered 
from  severe  congestion.  You  could  spend  half  an  hour  circuiting  New  York  in  an  airplane  waiting  to  let  down  and  a 
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lot  of  time  was  lost  and  a lot  of  fuel  burned  going  around  in  circles.  About  that  time  DeHavitlands  got  interested  in 
civil  STOL.  and  particularly,  downtown  STOL.  Shortly  after  that  there  was  a recession  in  the  U.S.,  the  economy 
slowed  down,  airlines  introduced  the  wide  body  jets  and  congestion  temporarily  vanished. 

Recent  statistics  we  have  seen  on  operations  at  8 major  hub  airports  in  the  U.S.  indicate  that  congestion  is 
coming  back  again.  However,  there  are  limits  as  to  what  you  can  do  in  terms  of  aircraft  spacing  for  wake  avoidance 
considerations  which  govern  how  quickly  you  can  put  airplanes  into  existing  runways ...  so  we  see  civil  STOL  still 
as  something  that  could  come.  As  congestion  returns,  it  may  be  worse  than  you  have  seen  it  before,  maybe  10  years 
from  now.  It  may  also  be  predominantly  a U.S.  problem  for  perhaps  the  rates  of  growth  in  Furope  are  not  going  to 
be  as  rapid  as  the  U.S.  and  in  your  time  scale  maybe  VTOL  will  be  the  preferred  solution.  You  may  be  able  to 
leapfrog  a generation  of  airplanes.  But  we  would  view  VTOL  as  being  so  far  down  the  pipeline,  that  it  isn’t  likely  to 
be  available  in  time  to  provide  relief  from  congestion  in  the  U.S.  and  I think  that  we  reasonably  believe  that  civil 
jet  STOL  will  find  its  place  in  North  America  even  if  it  doesn’t  in  Europe. 


Chairman:  Thank  you.  Mr  Eggleston.  We  might  come  back  to  these  more  general  questions  later  on,  but  I would 
prefer  to  give  the  word  now  again  to  Mr  Eggleston,  who  has  made  a prepared  comment  on  powered  high  lift  systems. 


Mr  Eggleston:  First  of  all,  Mr  Hartzuiker.  I would  like  to  th the  FDP  for  this  opportunit.  ti>  oe  invol-.*.;!  in  the 
Round  Table  Discussion  reviewing  the  subject  of  the  powere  I li  t papers  that  were  presented  at  this  meeting. 

Secondly.  1 would  like  to  congratulate  the  authors  of  the  papers  for  the  very  good  material  which  they  have  presented, 
although  it  is  still  apparent  that  a lot  remains  to  be  done  on  all  the  high  lift  system  which  were  discussed  I will 
review  each  of  the  high  lilt  systems  in  turn,  trving  not  to  let  personal  <s  influence  me  and  hoping  I do  not  miss  out 
any  author’s  name  en  route 

All;  inemor-Wing  developments  were  reviewed  in  two  l ’s  p ; :rs  by  Hickey  and  Quigley,  and  the  ejector  powered 
Aladdin  project  was  reviewed  by  M.  Sagner  of  France.  This  work  showed  the  advantages  of  the  lobe-type  primary 
nozzles  in  terms  of  increasing  augmentation  and  reduced  noise  levels  and  these  aspec*  will  be  of  particular  importance 
in  future,  when  we  am  looking  at  large  civil  STOL  airplanes.  The  scope  of  the  NASA  r .-search  is  so  broad  th  it  it  does 
not  leave  me  with  many  opening  for  suggesting  where  future  research  should  be  done.  I will  confine  mysel'  there- 
fore, to  remarks  on  the  type  of  configurations  which  seem  to  be  being  adopted,  particularly  in  the  propulsion  area 

Current  U.S  Oudies  are  directed  towards  ultra  quiet  civ!  S TOL  airci  ift  and  to  achieve  low  noise  levels  they 
have  been  directed  toward  bleed  propulsion  engines  which  have  809?  of  the  thrust  going  into  the  wing  and  20T 
residual  thrust  coming  from  the  core.  This  leads  to  great  problems  in  integrating  the  large  duct  system  inside  the 
wing,  and  there  are  penalties  in  cruise  fuel  consumption  because  of  the  very  low  bypass  ratio  of  the  powerplants.  If 
blowing  thrust  levels  were  reduced  to  say  409?  of  total,  using  the  three  stream  engines  which  I discussed  in  my  own 
t dk,  this  would  reduce  the  installation  problem  and  would  allow  higher  bypass  ratio  engines  to  be  used  and  so  improve 
the  cruise  fuel  consumption.  These  are  vtry  important  points  to  think  of  in  future  because  of  the  rapidly  increasing 
cost  of  fuel.  Another  advantage  of  the  three  stream  type  of  engine  is  that  maybe  it  can  be  developed  from  existing 
engines,  whereas,  in  the  case  of  the  80/20  engine,  it  would  almost  certainly  have  to  be  a special  purpose  engine  which 
would  only  have  the  one  application.  It  would  make  it  very  difficult  for  the  one  project  to  carry  the  entire  cost  of 
such  an  engine.  We  saw  several  films  of  the  Buffalo/Spey  Research  Aircraft,  and  I think  that  these  demonstrated  that 
technically,  at  least,  the  Augmentor-Wing  is  furthest  advanced  of  the  powered  lift  systems,  and  a high  degree  of  con- 
fidence can  be  placed  in  its  performance. 

Externally  Blown  Flaps  received  the  greatest  attention  at  this  meeting,  and  I think  our  understanding  of  the 
relative  contributions  of  jet  flap  effect,  boundary  layer  control  effect  and  thrust  deflection  contributions  was  greatly 
improved  by  the  presentation  of  Ashill  and  Foster.  Surprisingly,  this  work  suggested,  at  least  at  the  thrust  coefficient 
that  they  tested,  that  the  jet  flap  component  was  small,  which  calls  into  question  the  basic  assumptions  of  several  of 
the  semi-empirical  methods  of  performance  prediction  which  were  presented  at  the  meeting.  The  very  detailed  flow 
surveys  that  were  presented  by  Wickens  of  NAE,  Canada,  showed  the  extremely  complex  nature  of  a flow  caused  by 
EBF  interaction.  It  suggests  that  purely  analytical  methods  of  predicting  EBF  performance  are  going  to  be  a long  way 
away  and  as  a result,  it  seems  likely  that  wind  tunnels  will  provide  the  prime  source  of  data  for  new  EBF  configura- 
tions. For  anything  outside  the  range  of  current  experience,  it  will  be  necessary  to  test  models  and  unfortunately  the 
cost  of  models  is  inordinately  high  I find  this  all  the  time,  particularly  when  you  have  internal  blowing  systems  and 
I if  the  qlHtd  24)  fwhukjbe  Which  we  Lave  m ed  af  Del  lav  ilia i id  and  which  !v\f.  lutve  e*ed  4n  fbetr  expert 

ments,  could  not  provide  a very  low  cost  way  of  looking  at  more  advanced  configurations.  It  might  be  of  interest  to 
do  some  work  on  Externally  Blown  Flaps  which  use  thrust  vectoring  for  we  tend  to  think  of  the  nozzles  as  always 
being  pointed  in  ont  direction,  and  at  best  it  is  only  going  to  be  in  the  right  direction  at  one  condition.  The  F.BF's 
suffer  from  flap  impingement  at  take-off  as  a source  of  thrust  loss,  noise  and  a source  of  flap  loads.  Our  own  studies 
of  the  take-off  performance  of  F.BF's  indicate  that  if  the  jets  were  tilted  down  for  take-off  you  might  see  some 
improvement  in  those  three  areas  so  this  could  be  an  area  where  future  research  is  warranted. 

The  Internally  Blown  Flap  remains  of  interest  and  ONF.RA  in  France  and  Dellavilland.  Canada,  described  recent 
work  on  two  dhnwishmal  models,  and  DettartHard  Canada,  ahe  des.iiteJ  scare  th«e  din-e  rtiovta1  uvutk.  The  lift 
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performance  of  Che  Internally  Blown  Flap  is  equivalent  to  the  most  sophisticated  of  the  mechanical  flap  systems  that 
was  shown  at  this  symposium,  and  it  does  this  without  much  complexity  in  temis  of  mechanical  or  pneumatic 
devices  The  IBF  has  a very  low  bleed  requirement  which  I think  should  be  remembered  when  we  are  considering 
the  rapidly  increasing  cost  of  fuels.  Future  research  on  the  IBF  could  consider  blown  multi-slotted  flaps  as  a means 
of  further  reducing  bleed  level  requirements  and  also,  perhaps  eliminating  entirely  the  need  for  special  purpose  bleed 
engines.  Further  work  on  vectored  thrust  Internally  Blown  Flaps  seem  warranted,  as  it  is  a wav  to  increase  the  lift 
available  and  allow  us  to  go  to  higher  wing  loadings  and  so  improve  our  cruise  lift-drag  ratios. 

The  mechanical  flap  vectored  thrust  was  discussed  in  papers  by  Osborne  and  also  by  Dellavilland.  Canada, 

Future  work  on  this  concept  should  look  at  improved  flap  designs  and  also  develop  low  loss  lightweight  thrust  deflec- 
tors suitable  for  use  in  the  limited  range  of  deflection  angles  appropriate  t high  bypass  ratio  engines,  which  were  only 
of  the  order  70°. 

No  papers  were  piesented  at  this  meeting  on  upper  surface  blowing,  and  I w»,uld  suggest  that  simple  modifications 
to  the  externally  blown  (lap  models  which  were  used  in  the  \'  M tesC  and  the  RAF  tests  could  provide  very  useful 
comparative  data  on  the  externally  blown  (lap  and  the  upper  surface  blown  Hap.  It  would  be  a very  simple  investiga- 
tion and  I think  it  would  be  very  worthwhile. 

The  extension  of  model  data  on  maximum  lift  coefficients  to  full-scale  Reynolds  nt  tubers  poses  many  problems. 
The  paper  by  Moorehouse  suggested  for  full-span  jet  Haps  without  leading  edge  slats  that  perhaps  Stratford's  criteria 
would  be  adequate.  The  situation  for  aircraft  with  part-span  jet  flans  jr  mec!  i I Haps  and  unblown  adit  g edge 
si  ts  is  much  more  complex  and  research  on  developing  methods  of  (\llm  | tion  from  model  data  would  appear 
a very  worthwhile  area  for  documentation. 

Finally.  1 am  impressed  at  the  w.ue  range  of  useful  researc!  win  eh  is  going  on  throughout  the  NAT  > eo  intries. 

I guess  it  is  a measure  of  the  maturity  of  the  currei  t w.  k on  power. J lift  aircraft  that  now.  instead  of  people  just 
talking  ’bout  obtaining  a very  high  Cp  mav  .and  that  my  CLmax  is  better  than  your  • we  find  now  that  even 

pc  ac  odynamicists  are  talking  about  practical  things  like  engine-failed  climb  gradients  and  Cljnjx  with  an  engine 
1 hi  . with  the  aircraft  trimmed  longitudinally  and  laterally.  I think  this  transition  is  tremendous,  and  I hope  that  it 
is  a positive  indication  that  operational  jet  STOL  airplanes  are  very  nearly  with  us. 


Chairman:  Thank  you  Mr  Fggleston.  I think  you  have  given  a very  comprehensive  and  clear  picture  of  how  you 
think  It  should  be.  Are  there  any  comments  or  questions  from  the  floor? 


Mr  Moorehouse:  Just  a brief  comment  on  Mr  Fggleston's  last  point  about  three-engined  maximum  lift.  I think  in  a 
gross  sense  that  the  maximum  lift  appears  to  be  just  a function  of  the  total  Qi  . so  if  you  lose  25%  of  that  in  general, 
you  are  losing  25%  of  the  increment  due  to  the  power. 


Mr  Eggleston:  Well,  this  may  be  a debatable  point.  I have  an  intuitive  feeling  that  it  will  depend  very  much  on  the 

type  of  high  lift  system.  I think,  for  instance,  that  if  you  had  a twin  engined  over-the-wing  blowing  airplane,  and  it 
lost  an  engine  on  one  side  that  it  should  be  much  worse  off  say.  than  a four  engine  EBF  airplane  with  the  engines 
spread  out  more. 


Mr  Moorehouse:  I will  rephrase  what  I said.  1 think  we  have  found  that  when  we  have  looked  at  the  CLn)ax  of  a 
four-engined  configuration,  with  three  or  four  engines  operating,  Cl„,jv  is  a function  of  total  power  coefficient 
rather  than  a straight  factor.  It  may  be  a reflection  on  the  accuracy  of  the  data.  I agree  that  a twin-engined  con- 
figuration is  different 


Chairman:  Are  there  any  more  comments?  If  not.  I would  like  to  call  on  Professor  Blom  to  give  his  point  of  view 
on  mechanical  high  lift  systems. 


Prof.  Blom:  Mr  Chairman,  you  have  asked  me  to  comment  on  mechanical  high-lift  systems.  Under  that  heading  we 
had  5 papers  in  this  symposium,  among  which  three  were  devoted  to  aerodynamics  of  high-lift  devices.  One  was 
devoted  to  the  prediction  of  airfoil  characteristics  with  spoilers  and  one  was  on  the  physical  interpretation  of  the 
effect  of  small  size  vortex  generators.  When  we  recall  these  papers,  perhaps  it  would  be  interesting  to  have  a short 
summary  of  their  contents.  Jacob  and  Steinbach  of  Germany  presented  their  method  for  prediction  of  lift  from 
multi-element  airfoil  systems  in  which  the  effect  of  the  boundary  layer  displacement  on  the  circulation  and  pressure 
distribution  is  included,  and  in  which,  on  the  basis  of  criteria  for  real  separation  on  the  most  aft  located  element,  a 
model  is  developed  for  numerical  calculation  of  lift  and  maximum  lift  with  rear  separation  present.  The  method  is. 
in  its  present  form,  restricted  to  a two-dimensional  geometry,  non-interacting  boundary  layers  as  shed  from  the  multi 
elements  of  the  airfoil  system,  and  shapes  without  slot  cavities  leading  to  other  forms  of  separation  than  the  rear 


I 


separation.  Within  these  restrictions,  the  calculation  method  may  yield  useful  lift  and  pressure  distribution  data. 
LjungstrOm  from  Sweden  presented  his  results  of  elaborate  experiments  in  the  wind  tunnel  on  multi-element  airfoils 
desgined  for  high  lift.  The  information  was  presented  against  the  background  of  requirements  related  to  transport 
type  of  aircraft  and  is  compared  to  results  of  calculated  lift  and  pressure  distribution  using  the  methods  of  Stevens 
and  Goradia  of  Lockheed.  Extensive  geometrical  variation  of  double  and  triple  slotted  mechanical  flaps,  in  most 
cases  in  combination  with  slats  as  leading  edge  devices,  are  explored  in  two-dimensional  testing  to  achieve  optimum 
high  lift.  To  gain  insight  in  the  effect  of  interaction  of  wakes  from  upstream  elements  with  the  boundary  layer  of 
a more  aft  located  element  the  wake  characteristics  have  been  artificially  influenced  in  the  experiment  by  applying 
suction  to  the  upper  surfaces.  On  the  basis  of  the  experience  gained,  some  general  conclusions  are  drawn  on  favor- 
able arrangements  of  the  airfoil  elements  and  slot  gaps.  Perrier  and  Lavenant  from  France  gave  us  their  views  on  how 
they  would  extend  their  method  for  calculation  of  the  pressure  distribution  of  lifting  wing  bodv  combinations  to 
incorporate  the  effects  of  boundary  layer.  Wind  tunnel  results  obtained  on  an  aircraft  model  with  full  span,  deep 
chord,  high  lift  devices  indicate  the  potential  of  mechanical  high  lift  devices  for  STOL  applications.  This  model  was 
shaped  according  to  criteria  obtained  with  the  developed  calculation  method. 

For  further  discussion,  and  in  view  of  the  limited  time  available,  further  comments  are  restri  ted  here  on  my  side 
to  the  subject  of  the  development  of  mechanical  liigh-lift  devices.  From  the  papers  presented  in  ! .s  symposium  on 
V/STOL  aerodynamics,  it  is  clear  that  the  emph.is.s  in  d !<>pi  g mechanic  1 1 high-lift  devices  was  on  achieving  higher 
max  lift  to  avoid.  01  at  least  postpone,  the  need  to  adopt  mechanically,  and  otherwise  more  elaborate  systems,  using 
some  form  of  poweied  lift  However,  the  economy  of  transportation  as  expressed  in  the  Direct  Operating  Costs  of 
the  flying  vehicle,  to  a arge  extent  depends  on  the  total  amount  of  expensive  machinery  needed  in  the  aircraft, 
including  the  propulsion  .its.  The  best  solution  for  a particular  transport  task  obviously  requires  analyses  of  all  cost 
elements  involved.  However,  in  particular  for  the  less  ambitious  airfield  performance  requirements  where  the 
mechanical  high  lift  devices  seem  to  have  their  place  low  thrust  levels  in  relation  to  aircraft  weight  still  are  an 
important  asset  to  low  cost.  Consequently,  to  achieve  this,  the  high-lift  devices  have  to  be  designed  for  high  lift-to- 
drag  ratios  in  take-off  and  balked  landing  flight  conditions,  combined  with  a relatively  high  maximum  lift  capability. 

It  may  be  remembered  that  Lockheed,  in  designing  the  four  engined  C5A  transport  aircraft,  went  to  great  pains  in 
achieving  high  lift-to-drag  ratios  at  high  maximum  lift  for  the  take-off  condition. 


In  relation  to  a considerable  experimental  effort  over  the  past  years  spent  in  Holland  on  this  subject,  it  can  be 
stated,  that  optimizing  a high  lift  system  for  the  more  complicated  criteria  based  on  a weighted  balance  between 
lift-to-drag  on  one  side,  and  maximum  lift  on  the  other  side,  leads  to  high  lift  devices  which  may  considerably  differ 
from  the  shapes  generated  in  the  process  of  optimizing  for  maximum  lift  only.  A good  point  for  further  consideration, 
therefore,  seems  to  be  the  prospective  which  can  be  seen  in  the  methods  of  numerical  calculation  in  the  field  of  drag 
reduction  of  high  lift  systems.  This  is  a point  for  further  discussion  perhaps. 


In  relation  to  drag  aspects  of  high  lift  systems,  one  further  observation  seems  to  be  relevant  here.  In  many  cases 
the  aircraft  designer  accepts  cavities  in  slots  of  the  multi-element  high  lift  system  in  the  interest  of  low  drag  in  the 
condition  that  all  feathers  of  the  wing  are  retracted  to  restore  the  original  airfoil  shape.  In  these  cavities  a trapped 
vortex  may  be  generated,  which  often,  under  conditions  of  strict  two-dimensional  flow,  'how  surprisingly  small  drag 
effect  in  comparison  with  conditions  with  the  vortex  removed,  using  a faired  contour  surface.  In  the  three-dimensional 
wing,  however,  the  momentum  exchange  between  the  external  flow  and  the  trapped  vortex  may  contain  a span-wise 
component,  or  in  other  cases,  a span-wise  flow  in  the  trapped  vortex  leading  to  a considerable  increase  in  drag.  Like- 
wise, drag  measurements  with  a momentum  rake  behind  one  profile  section  in  quasi-two-dimensional  wind  tunnel 
arrangements  may  lead  to  largely  erroneous  results  because  of  span-wise  transport  of  boundary  layer  and  wake 
material  that  takes  place,  mostly  unobserved  and  not  necessarily  due  to  the  presence  of  a trapped  vortex.  There  are 
two  aspects  to  this.  Two-dimensional  test  results  on  drag  of  high  lift  devices  should  be  watched  with  a healthy 
amount  of  suspicion  and  the  conversion  of  two-dimensional  data  to  a three-dimensional  wing  oiten  produces  some 
unwanted  surprises  when  the  actual  wing  is  tested.  These  effects  should  be  given  further  consideration  in  future 
research. 


Chairman:  Thank  you  Professor  Blom.  for  your  suggestions. 


Mr  LjungstrOm:  First.  I would  like  to  agree  very  much  with  Professor  Blom  about  his  comments  on  the  drag  problem 
I think  also  that  the  drag  may  be  the  most  important  problem  right  now  for  mechanical  high  lift  devices.  I would 
like  to  add  that  in  the  work  that  has  been  presented  in  my  paper  here  that  all  the  experiments  were  also  carried  out 
with  rake  drag  measurements,  so  we  have  an  extensive  amount  of  data  on  the  two-dimensional  drag  taken  from  wake 
integrations.  We  have  compared  these  drag  measurements  with  the  corresponding  three-dimensional  tests  at  the  same 
Reynolds  number  We  can  see  that  the  optimization  trends  for  drag  are.  of  course,  very  different  from  two-dimen- 
sional to  three-dimensional  tests.  That,  of  course,  is  due  to  the  large  amount  of  induced  drag,  or  vortex  drag,  in  the 
three-dimensional  case.  This  really  made  it  very  hard  to  see  what  use  you  can  have  of  the  two-dimensional  drag  trends 
for  optimization  purposes.  To  study  this  a bit  more  closely,  we  are  now  performing  some  half-model  tests,  where  we 
are  carrying  out  wake  surveys  of  the  complete  half-model  span. 


1 . 
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Chairman:  Any  more  questions  or  comments  on  this  point?  Dr  Barche. 


Dr  Barche:  I missed  a paper  on  high-lift  problems  of  typical  transonic  profiles.  We  found  that  on  wings  with  typical 
transonic  profiles,  because  of  their  increased  thickness  at  the  leading  edge  and  reduced  sweep,  high  CLmaxs  could  be 
achieved  with  very  simple  mechanical  Haps.  On  the  other  hand,  the  lift-drag  ratio  for  take-off  flap  settings  seems  to 
be  worse  than  with  classical  airfoils.  So.  I would  think  that  on  that  new  profile  technique  we  should  have  some 
comments. 


Chairman  .wank  you  Dr  barche.  Transonic  profiles  are  not  directly  V/STUL.  but  there  might  be  some  comments 
here. 


M.  Perrier:  It  ; ems  to  me.  not  as  a point  of  view  of  a fluid  mechanical  engineer,  but  as  a point  of  view  of  a manu- 
facturer. that  a transonic  STOL  aircraft  will  not  have  very  simple  mechanical  flaps,  but  variable-geometry  mechanical 
flaps,  becastte  we  know  quite  well  that  it  is  already  necessary  for  CTOL  when  you  seek  the  best  compromise  between 
low  speed  ind  high  speed.  1 insist  that,  in  fact,  the  problem  of  profile  drag  s not  very  important  at  very  high  Cl 

because  if  you  make  the  product  of  — by  (Cl)j  you  see  that  it  is  a veiy  important  figure.  For  example,  for 

trA 

the  typical  aircraft,  if  you  assume  that  you  have  a 0.05  k and  a value  of  Cl  of  4.  that  means  that  you  have  some- 
thing like  0.8  in  Cy  due  to  vortex  drag  and  you  cannot  avoid  that  drag.  It  is  due  to  the  span  of  the  wing;  you 
have  generated  a certain  lift  in  a certain  span,  and  it  costs  a certain  price.  That  is,  u.a  in  C p . li  is  nui  ai  all  the 
same  in  the  cruise  or  CTOL  conditions;  at  Cl  less  than  1 or  Pi.  you  have  exactly  the  same  problem  as  usual 
actually,  with  a profile  drag  which  is  not  negligible  compared  with  the  induced  drag. 


Prof.  Blom:  It  all  depends  on  the  ambition  you  have  in  creating  short  take-off  and  landing  conditions.  If  we  are 
discussing  an  aircraft  which  is  capable  of  day  to  day  operations  from  4uuu  tt.  rather  than  'null  Tt.  it  is  my  personal 
experience  that  every  small  decrement  in  drag  contribution,  either  viscous  or  due  to  the  vortex  drag,  pays,  and  creates 
a better  airplane  which  can  fly  with  less  power.  To  quote  a number,  the  latest  version  of  the  Dutch  Fokker  F28  twin- 
engined  airplane  can  perform  the  low-speed  single-engine  take-off  climb  with  a lift  to  drag  ratio  of  approximately  10 
in  a take-off  configuration  corresponding  with  a max.  lift  coefficient  of  2.8.  This  L/D  of  10  is  not  achieved  by 
coiisideiiiig  ihc  viscuuS  diag  uu  [lit  tidy  ii.sigiiifitaut.  It  is  vci  y laipuildtiT  to  have  (tic  iiluiost  Iiom  (hat  flap  i..  tills 
respect. 


Mr  Back:  In  talking  about  the  drag  we  have  got  to  be  clear  whether  we  are  talking  about  take-off  or  landing.  We  are 
looking  for  high  Cl„uv  s to  get  steep  approaches,  and  orte  of  the  problems  on  the  steep  approach  may  be  of  getting 
adequate  drag  in  order  to  keep  an  engine's  response  characteristics  satisfactory.  We  are,  however,  very  concerned 

about  obtaining  I tv  diug  timing  lliv  take  off  phase.  I think  that  in  the  diseussiviis  (taring  thi.v  week  veiy  little  has 

been  said  about  the  flap  angles  for  take-off  and  the  associated  performance. 


Mr  Eggleston:  There  was  a slide  in  my  paper  which  I didn't  present  on  the  screen,  which  did  show  some  engine 
failed  climb  gradients  for  typical  2000  ft  STOL  airplanes.  They  will  run  to  very  high  values,  even  with  the  EBF 
configuration  which  suffers  from  flap  impingement  and  by  the  time  you  have  put  enough  thrust  in  to  go  through  a 
35  tt  screen  in  20uU  tt , you  have  a substantial  climb  gradient  available.  It  may  be  in  the  order  ot  1 3'  or  more, 
all  engines  operating,  and  even  with  engine  failed  it  will  be  of  the  order  of  6°.  When  you  are  talking  a new  airplane. 

I do  not  think  you  should  also  get  involved  in  frozen  thinking  about  the  powerplant  side.  Some  of  the  parameters 
in  the  powerplant  can  be  changed  relatively  simply  for  the  expensive  bits  of  an  engine  are  usually  the  hp  compressors, 
the  combusters  and  the  hot  end.  while  fans  can  be  changed  without  too  much  difficulty,  particularly  if  you  have  gear 
boxes  in  between  the  fan  and  its  turbine.  With  STOL  aircraft,  if  there  are  problems  in  having  to  go  to  low  aspect 
ratio  configurations  to  get  landing  gradients  that  are  satisfactory,  you  can  always  get  back,  at  least  to  some  degree,  to 
w Kcwptaitk  climb  dtiutkm  by  playing  suwnd  the  bypatm  ratio  of  the  mgtnr  vll  I*  not  kxu  if  y hsw  to 
tailor  the  configuration  specifically  to  a landing  requirement. 


Chairman:  I think  the  time  permits  us  to  have  one  more  comment  from  Mr  Ljungstrom. 


Mr  Ljungstrom:  I have  one  short  comment  about  the  drag.  From  our  tests,  it  turned  out  that  the  kind  of  config- 
urations you  get  when  you  optimize  for  CLmax  is  for  rather  small  interactions  between  the  different  wake  layers. 
Tim  nrtv’fs  that  we  get  Hi*  most  efficient  flow.  If  we  look  ti  tlw  drag  wawPs.  vns  can  w*  Hi#  (hew  out 
to  have  rather  low  drag  values,  too,  at  lower  Cl  . The  difference  might  be  that  the  gaps  arc  just  somewhat  smaller 
if  we  optimize  for  minimum  drag  at  a certain  ("l  . which  should  be  something  like  0.65  CLmax  . We  have  tried  to 
do  that  too.  and  it  turns  out  that  the  gaps  should  be  somewhat  smaller.  Then  the  compromise  should  be  a gap 


somewhere  between  the  two.  This  is  of  course  true  only  for  gap  optimization  for  a given  set  of  flap  angles  which  is 
the  only  case  for  which  drag  measurements  give  any  conclusive  trends. 


Prof.  Blom:  Perhaps  there  is  a need  to  say  more  about  the  differences  we  have  found  in  optimization  of  high  lift 
devices  for  combined  L/D  and  maximum  lift  criteria  in  comparison  with  results  for  maximum  lift  only. 

We  found  two  substantial  differences  on  slat  position,  the  best  slat  angle  with  the  drag  criterium  included  came 
out  much  smaller  and  also  the  slat-gap  had  to  be  small.  The  gap  of  the  slat  then  being  much  narrower  than  the  one 
found  by  LjungstrOm  in  his  experiments. 

Nevertheless,  for  take-off  configurations  of  the  F28  aircraft  the  increment  in  Cl  max  due  to  the  extension  of 
the  slat  is  1.2,  based  on  a 1 g-stall  and  as  measured  in  flight. 


Dr  Barche:  If  we  discuss  jet  lift,  we  have  to  ask  for  what  application  civil  or  military  application?  Here,  in  this 
meeting,  I got  the  general  impression  that  there  will  be  no  near  future  application  of  jet-lifted  civil  airplanes,  the 
main  reason  being  the  cost  effectiveness,  which  is  lower  than  for  conventional  aircraft  of  equivalent  payload  and  range. 
Other  reasons  we  didn’t  discuss  here  are  the  engine  situation,  the  reliability  of  civil  jet-lifted  aircraft,  the  engine 
failure  situation  and  the  noise.  What  we  discussed  here  was  that  the  improved  STOL  systems  are  working  against  jet- 
lifted  civil  aircraft. 

I also  got  the  impression  that  on  the  military  side,  the  situation  is  somewhat  different.  It  might  be  because  the 
Harrier  is  already  introduced,  and  in  the  U.S.  discussions  are  going  on  the  sea  control  ships.  But  I feel  that  military 
jet-lifted  aircraft  also  have  to  be  more  cost  effective;  they  have  to  be  less  complicated;  they  should  have  better 
maintenance  capability  and  furthermore  improved  reliability  seems  to  be  needed. 

To  summarize  what  was  produced  here  dur.ng  the  meeting,  I feel  that  three  different  aspects  on  jet-lifted  air- 
craft have  been  considered  ; 

( 1 ) How  to  improve  our  knowledge  of  the  complex  jet-lift  interactions: 

(2)  What  about  critical  flight  conditions  and  their  predictions? 

(3)  What  about  new  jet-lift  generators  avoiding  the  typical  jet  problems  we  have  to  live  with  using  lift  or  lift 
cruise  engines? 

I think  these  three  different  aspect?  treated  here,  give  a good  picture  of  what  has  to  be  done,  is  being  done  or 
has  been  done  recently. 

I also  felt  that  the  progress  reported  here  was  not  so  impressive  as  it  was  previously.  Indeed,  jet-lifted  aircraft 
are  flying  already  and  on  the  other  hand  the  general  situation  seems  not  to  promote  civil  or  even  military  aircraft  as 
was  expected  some  years  ago.  I feel  that  if  there  is  a political  or  economical  saturation  we  are  still  far  from  a 
saturation  of  our  knowledge.  I think  we  can  all  agree  that  there  are  a lot  of  gaps  in  our  knowledge  to  be  filled. 

But  there  is  a simple  question:  'is  it  really  worthwhile  to  fill  those  gaps?”  My  answer  is  “Yes”,  because  pro- 
blems which  are  treated  on  jet-lifted  aircraft  are  closely  connected  with  modern  non-jet  lifted  aircraft.  To  illustrate 
this,  the  use  of  high-by-pass  engines  with  large  diameters  installed  close  to  wings,  fuselages  or  tails,  gives  us  interaction 
problems  similar  to  those  we  have  to  study  on  jet-lifted  aircraft:  problems  of  jet-wing/body  interactions  are  quite 
independent,  whether  the  jet  is  more  or  less  vertical  or  parallel  to  the  free  stream.  1 strongly  believe  that  general 
jet-research  should  be  continued,  but  not  restricted  to  steady  flows  only.  More  and  more,  in  interaction  problems,  the 
random  character  of  jet  flows  has  to  be  studied. 


Chairman:  Thank  you  Dr  Barche.  One  of  the  main  points  I got  out  «f  this  is  the  question  of  what  is  the  near 
future  of  jet-lift  aircraft  as  we  see  it  at  the  moment.  Any  comments  on  that?  That  is  apparently  a very  difficult 
question.  Are  there  any  more  comments  on  what  Dr  Barche  has  said?  If  not.  then  I would  like  to  pass  the  word  to 
Professor  Gersten  who  will  give  some  comments  on  Sessions  4 and  5 of  this  meeting. 


Prof.  Gersten:  Mr  Chairman,  I would  like  to  split  up  my  comment  into  two  parts:  one  on  ground  effect  and  one 
on  prediction  methods.  Ground  effect  has  again  to  be  split  up  into  mechanical  and  powered  lift  systems  on  one  side 
and  the  jet  lift  systems  on  the  other  side.  From  what  I have  learned  here  at  the  meeting  on  ground  effect  for  mech- 
anical and  powered  lift  systems,  there  obviously  exist  cases  where  the  ground  effect  is  positive  and  other  cases  where 
the  ground  effect  is  negative.  It  became  quite  clear  at  the  meeting,  that  these  effects  due  to  ground  can  be  predicted 
quite  well  by  potential  theory  (method  of  images).  If  a method  is  available  which  can  predict  the  forces  at  high 
angles  of  attack  or  high  jet  angles,  far  from  ground,  then  this  method  can  be  extended  easily  to  predict  also  these 
forces  near  ground. 


There  are  of  course  problems  left  which  have  just  been  touched  during  the  meeting,  and  I would  like  to  draw 
attention  to  one  particular  aspect  mentioned  by  Mr  Hickey,  i.e.,  the  dynamic  aspect,  as  he  called  it,  or  1 would  say 
the  unsteady  aspect  of  the  ground  effect.  It  may  be  possible  that  the  height  above  ground  changes  so  rapidly 
during  take  off  or  landing  that  unsteady  aerodynamic  effects  have  to  be  taken  into  account.  Therefore,  there  is  a 
need  for  more  research  work  on  unsteady  lifting  surface  theory  near  ground. 

Much  more  difficult  is  the  situation  for  the  ground  effect  of  jet-lift  systems.  We  heard  from  several  lectures. 

Dr  Barche  and  others,  that  there  are  two  effects  close  to  the  ground,  i.e..  the  suck -down  and  the  fountain  flow 
effect,  the  first  one  due  to  entrainment,  the  second  one  due  to  multiple  jet  arrangement.  As  far  as  I can  see,  we  are 
very  far  from  any  kind  of  reasonable  modelling  of  the  flow  field.  This  field  is  a combination  of  viscous  flow  regimes 
in  the  jets  or  at  the  boundaries  of  the  jets.  These  viscous  flow  regimes  have  to  be  matched  with  the  outer  flow  which 
might  be  a potential  flow.  There  is  still  much  work  to  be  done  to  develop  a reasonable  and  simple  model  which 
describes  the  essential  features  of  such  a system.  Here,  1 think,  theoreticians  as  well  as  experimentalists  should  come 
together  in  the  future  and  work  together  on  these  problems. 

This  brings  me  to  the  other  subject  which  I wanted  to  comment  on.  i.e.  the  prediction  methods.  I would  like  to 
talk  only  about  the  more  sophisticated  prediction  methods,  not  about  handbook-type  prediction  methods.  In  the 
more  sophisticated  prediction  methods  one  has  to  know  quite  a bit  about  the  physics  of  the  flow  field.  As  we  have 
seen  at  the  meeting,  the  flow  fields  are  not  simple  and  not  easy  to  understand. 

To  answer  one  of  Dr  Klichemann's  questions  about  the  peculiarities  of  the  flow  fields,  this  is  perhaps  just  a 
matter  of  getting  acquainted  with  this  kind  of  flow  field.  Perhaps  we  feel  that  these  fields,  which  are  very  comp.icated 
and  mixtures  of  viscous  and  inviscid  flow  domains,  are  peculiar  because  they  cannot  be  handled  easily  by  classical 
methods  like  potential  flow  theory,  lifting  surface  theory  etc.  It  will  be  a matter  of  time,  while  we  work  on  these 
more  complicated  fields,  before  we  feel  that  they  are  completely  normal  and  have  no  peculiarities  in  them. 

As  far  as  prediction  methods  are  concerned,  1 found  particularly  the  paper  by  Dr  Perrier  from  Dassault-Breguet 
very  impressive,  and  also  the  Douglas  ‘‘KVD”  method  which  was  mentioned  by  Mr  Woolard.  Obviously,  these  two 
papers  give  a fairly  good  picture  about  the  state  of  the  art  of  the  more  sophisticated  prediction  methods. 

1 got  the  impression  from  these  two  papers,  as  well  as  from  others,  that  we  may  come  eventually  to  an  end  with 
those  prediction  methods  which  are  more  or  less  of  the  classical  type,  that  means,  prediction  methods  which  use  the 
simple  concept  of  classical  boundary  layer  theory.  They  start  with  a potential  theory,  calculate  the  boundary  layer 
afterwards,  perhaps  calculate  the  displacement  of  the  boundary  layer,  feed  this  displacement  effect  back  into  the 
potential  flow  theory,  and  then  by  an  iteration  process,  might  end  up  with  a picture  of  the  whole  flow  field. 

Obviously,  there  are  limits  for  this  kind  of  method  and  one  good  example  of  these  limitations  was  given  in  the  paper 
by  Mr  LjungstrOm,  where  it  was  shown  that  wakes  of  slats  for  example  are  not  necessarily  developing  in  a near  wall 
region,  but  nevertheless  have  an  important  effect  on  the  pressure  distribution  of  the  airfoil  which  in  a classical  predic- 
tion method  should  be  determined  by  potential  flow  theory.  We  are  now  facing  the  situation  that  obviously  the 
simple  concept  of  outer  inviscid  flow  and  near  wall  boundary  layer  'low  is  not  working,  or  has  to  be  modified  and 
extended,  to  take  into  account  situations  where  the  ‘’outer  flow”  does  not  have  constant  total  pressure  because  of 
wakes  or  slats  or  other  disturbances  ipstream. 

Therefore,  I feel  that  in  the  future  prediction  methods  have  to  be  developed  by  two  groups  of  people  who  come 
together  from  two  sides:  from  potential  flow  theory  and  from  boundary  layer  theory.  If  these  two  groups  could  be 
combined  and  if  the  whole  concept  of  outer  flow  boundary  layer  interaction  is  reconsidered  for  change  or  modification 
then,  perhaps,  we  can  end  up  with  the  method  which  at  least  for  the  two-dimensional  case  would  give  a much  better 
picture  and  could  lead  to  an  optimization  of  the  two-dimensional  flow  past  multi-element  airfoils. 

Of  course,  there  are  the  problems  of  three-dimensionality,  and  they  are  much  more  complicated.  At  least  we 
should  try  to  take  as  much  as  we  can  of  the  physics  into  the  more  sophisticated  prediction  methods.  When  we  then 
try  to  put  the  most  important  features  of  the  flow  field  into  the  mathematical  models,  we  may  come  to  a better 
description  of  these  quite  complicated  flow  fields. 


Chairman:  Thank  you  Professor  Gersten.  It  might  be  appropriate  here  to  go  directly  to  M.  Perrier  and  ask  for  his 
point  of  view  of  the  application  of  computer  methods. 


M.  Perrier:  Before  my  comment  on  this,  I would  like  to  show  very  quickly  three  figures.  Frame  5 is  what  the 
computational  method  is  not.  You  see  it  is  a conventional  correlation  type  presentation  of  high  lift  devices.  The 
point  that  you  see  at  the  curve  in  the  upper  part  of  the  slide  corresponds  to  flight  results  of  aircraft  of  Dassault- 
P.reguet  and  you  see  that  efficiency  is  very  poor,  of  the  order  of  0.3  to  0.4.  That  is  just  the  sort  of  thing  that  you 
can  learn  with  that  sort  of  computation.  In  Frame  6 1 have  given  you  the  reason  why  you  are  obliged  to  make  cal 
culations.  It  is  an  example  of  optimization  of  the  position  of  a slot.  You  can  see  a certain  number  of  iterations,  and 
we  have  indicated  good  and  bad  positions.  The  direction  of  the  arrow  is  for  a better  C'l  . for  example,  or  a 
better  Cq  . What  you  can  see  is  that  when  you  have  to  cope  with  5 slots,  not  at  all  independent  of  each  other, 
and  on  each  slot  you  have  to  take  20  positions  for  optimization,  it  is  impossible  to  do  that  experimentally.  To 
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return  to  what  Prof.  Gersten  has  said,  and  to  prove  that  all  the  problems  of  computation  are  not  simple  problems, 
figure  7 shows  you  some  fundamental  problems  of  viscous  layers  with  separated  regions  (in  white)  and  viscous  layers 
with  no  separation  but  a turbulent  regime  (in  blue).  What  you  can  see  in  these  slides  is  that  it  is  very  difficult  to 
avoid  computation  in  the  future  for  increasing  the  flap  efficiency  There  are  three  levels  of  computations,  the  first 
one  is  the  correlation  type,  and  it  seems  to  me  that  it  is  outside  the  scope  of  my  optimization.  The  second  one  is 
a typical  job  for  people  in  industry,  i.e.,  how  to  build  a very  huge  program  in  order  to  take  into  account  all  the 
different  parts  of  the  flow  field.  The  third  one  is  how  to  include  in  the  program  good  bricks  in  the  same  way  as  we 
do  a wall.  For  that,  it  is  necessary  to  choose  a very  good  breakdown  of  the  theoretical  and  physical  model,  and 
after  that,  to  improve  step-by-step  the  validity  of  the  total  program  by  improving  each  brick  of  the  program.  If  I 
mention  some  history.  I can  say  that  on  the  Mirage  3V  vertical  aircraft  we  have  done  very  limited  calculations  in 
order  to  have  th«*  spanwise  lift  distribution  for  prediction  of  ihe  one-engine-out  condition,  which  is  a very  annoying 
problem,  and  we  diw  o«er  that  we  have  much  work  to  do  in  that  direction.  On  the  last  project,  we  have  done  all 
the  preliminary  by  computing  the  flow  fields,  and  it  seems  to  me  that  it  will  be  the  case  in  the  future  for  all 
the  projects  o V/STOL.  What  1 would  like  to  comment  on  regarding  what  has  been  said  by  different  people  in  this 
discussion  is  that  people  have  made  a great  improvement  in  bricks,  but  greater  improvements  are  necessary.  For 
example,  some  Italian  people  have  only  determined  what  vortex  generator  complete  field  model  to  study  In  the 
same  way  there  is  the  problem  of  interaction  between  the  jet  lift  and  the  external  flow  for  a VTOL.  It  is  a compli 
cated  problem,  and  it  is  the  beginning  of  computational  methods.  After  that  we  have  to  make  a schematization  and 
go  a long  time  in  order  to  obtain  the  pressure. 


Chairman  Thank  you  M.  Perrier.  I would  ask  the  audience  if  there  are  any  remarks  or  comments  on  what  Professor 
Gersten  and  M.  Perrier  have  said. 


Dr  Spee:  I agree  in  general  with  Professor  Gcrsten's  remarks,  but  he  is  still  talking  about  calculating  boundary  layers. 
The  pressure  gradient  is  assumed  to  be  negligible  in  the  direction  normal  to  the  boundary  layer.  Now  if  you  look  at 
high  lift  systems  with  a number  of  airfoil  elements  with  wakes  that  are  coming  off  the  elements  and  going  over  the 
following  elements,  you  are  facing  the  problem  where  you  will  have  viscous  interaction  but  also  large  pressure  gradients 
normal  to  the  wakes.  My  feeling  is  that  the  only  proper  way  to  solve  this  problem  in  a two-dimensional  flow  is  by 
calculating  the  whole  flow  field.  The  three-dimensional  problem  is  probably  far  too  complicated  to  describe  theoreti- 
cally. I know  that  M.  Perrier  has  been  working  and  is  working  on  finite  element  methods  and  finite  difference  methods 
and  we  are  doing  similar  things  at  NLR.  and  I have  the  feeling  that  finally  you  have  to  use  such  a method  to  come  to 
an  optimization  of  multi-element  wings  in  two-dimensional  flow.  Of  course  then  you  are  still  far  from  an  optimization 
of  the  three-dimensional  case.  I feel  a little  bit  pessimistic  here  since  I heard  people  say  that  it  is  an  impossible  task  to 
get  an  optimization  out  of  the  experimental  work  in  the  wind  tunnel  only,  since  there  are  so  many  parameters  involved. 
You  also  cannot  get  the  final  result  from  calculations.  As  Professor  Blom  pointed  out.  the  three-dimensional  effects 
can  be  very  important.  So  we  are  still  far  from  where  we  would  like  to  be.  Anyway  one  of  the  things  we  have  to 
start  now  is  try  ing  to  develop  workable  methods  for  field  calculations  for  th"  two-dimensional  case. 


Mr  Clark:  Is  it  too  early  to  ask  this  question?  Does  the  Panel  have  any  opinion  as  to  the  strength  or  relative  intensity 
of  the  trailing  vortices  behind  V/STOL  aircraft  in  comparison  with  those  observed  behind  similar  commercial  aircraft? 
In  other  words,  will  it  be  more  serious  for  a small  aircraft  flying  behind  them  or  will  the  vortices  be  more  broken  up? 
You  have  the  wing  vortices  and.  in  addition,  you  have  these  lifting  vortices  giving  turbulent  flows. 


Mr  Eggleston:  The  basic  relation  giving  the  approximate  strengths  of  the  bound  and  trailing  vorticity  is 

r = ucic 

from  this  we  see  that  to  a first  approximation  the  strength  of  the  vorticity  is  proportional  to  the  velocity,  lift 
coefficient  and  chord  and  depends  on  their  interchange.  If  the  rate  at  which  lift  coefficient  increased  could  be 
maintained  at  the  rate  which  velocity  reduced,  then  the  vortex  strength  of  a STOL  aircraft  would  be  similar  to  con- 
ventional aircraft. 


Chairman:  Do  you  believe  that?  I think  we  are  about  at  the  end  of  this  symposium.  There  is  one  more  question 
from  Mr  Mavriplis. 


Mr  Mavriplis:  This  isn't  a question  really,  it  is  more  of  a comment.  I would  like  to  come  back  to  mechanical  high- 
lift  systems  and  to  what  Prof.  Blom  said.  I couldn't  agree  more  that  there  is  a requirement  for  achieving  high 
CLnux  and  at  the  same  time  high  lift-to-drag  ratios.  Until  now  we  have  spoken  about  optimizations  of  given  airfoil 
shapes,  by  using  slats  and  multi-slotted  flaps.  There  is  another  approach  to  it,  and  we  have  not  spoken  about  it  at 
all  in  this  meeting,  i.e.,  to  deal  with  new  shapes,  to  try  to  produce  new  airfoils  which  provide  high  lift-to-drag  ratios 
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at  the  same  time  as  high  figures  and  to  try  to  actually  reduce  the  number  of  elements  in  take-off  configu- 

rations to  achieve  simple  mechanical  ligh  lift  devices.  There  is  great  need  for  design  methods  of  this  kind. 


Chairman:  Thank  you  for  your  comments.  Is  there  anybody  who  has  a very  pressing  comment  to  make  before 
we  close  this  Round  Table  Discussion?  If  not,  I think  that  is  the  end  of  it. 

I would  tike  to  start  out  by  thanking  all  the  contributors  to  this  discussion.  Firstly,  the  speakers  from  this  side 
of  the  table;  then  I would  like  to  thank  the  people  from  the  audience  who  contributed  to  the  discussion.  It  might 
be  that  from  this  discussion  we  have  a better  idea  of  where  we  should  go  in  the  future  as  far  as  V/STOL  aerodynamics 
is  concerned.  I hope  we  will  profit  from  this. 

As  Chairman  of  the  Programme  Committee,  I have  then  to  close  this  symposium,  and  I would  like  to  thank  all 
those  who  made  it  a fruitful  one.  Firstly,  I would  like  to  thank  the  authors  and  the  contributors  to  the  discussion; 

I hope  that  their  efforts  have  been  rewarded  by  the  fresh  exchange  of  ideas.  As  for  the  Fluid  Dynamics  Panel,  we 
must  thank  those  who  invited  us  here,  the  Netherlands  National  Delegates  of  AGARD,  Professor  Gerlach  and  Mr  Marx. 
It  was  a pleasure  to  have  this  symposuim  here  in  the  Netherlands.  Of  course,  at  the  same  time,  we  are  very  grateful 
that  the  Aeronautical  Department  of  this  University  made  it  possible  to  meet  here  in  this  splendid  building  For  this 
our  thanks  go  to  the  Dean  of  the  Department,  Professor  van  Ingen.  not  forgetting  his  staff  who  performed  such 
excellent  organizational  and  supporting  work;  I mention  particularly  the  projection  which  was  perfectly  done.  We 
record  our  thanks  also  the  Netherlands  Coordinator  of  AGARD  and  the  Panel  Executive,  together  with  their  staffs, 
for  their  excellent  work  in  preparing  this  meeting  and  in  guiding  us  through  these  last  three  days.  Of  course  one  of 
the  main  problems  we  still  have  in  Europe  and  in  NATO  is  the  difference  in  languages;  the  interpreters  have  done  an 
excellent  job  which  has  contributed  to  the  success  of  this  meeting.  Three  days  ago  the  Chairman  of  the  Fluid 
Dynamics  Panel  opened  this  meeting,  and  perhaps  he  will  want  to  say  something  at  this  point. 


Prof.  KUchemann:  Ladies  and  Gentlemen,  there  is  just  one  more  job  to  be  done  and  that  is  for  me,  on  behalf  of  you 
all,  to  thank  Mr  Hartzuiker.  He  did  all  the  hard  work  in  preparing  the  meeting,  and  he  has  been  extremely  successful. 
It  really  matters  whether  the  meeting  is  well  prepared  or  not,  and  we  have  seen  that  it  was.  Before  closing  this 
symposium,  I would  like  to  thank  Mr  Hartzuiker  for  all  the  work  he  did  for  us. 
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